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Zusammenfassung
Auf der Suche nach neuer Physik bieten Theorien mit zusa¨tzlichen U(1) Eichsymme-
trien ein simples, aber facettenreiches theoretisches Modell um Defizite des Standard
Modells zu verringern. Um die physikalische Vorhersagekraft solcher Modelle system-
atisch zu untersuchen, betrachten wir drei verschiedene pha¨nomenologische Aspekte
von zusa¨tzlichen U(1) Eichsymmetrien.
Zuerst identifizieren wir unter Beru¨cksichtigung von flavorverletzenden neutralen
Stro¨men, welche durch ein effektives schweres Z ′-Boson induziert werden, die jew-
eils sta¨rksten Einschra¨nkungen fu¨r alle mo¨glichen Kombinationen von quark- und
leptonflavorverletzenden Kopplungen. In Bereichen des Parameterraums, in denen
es keine starke Einschra¨nkung durch Mesonmischung gibt, ko¨nnen Resonanzsuchen
am LHC die sta¨rkste Einschra¨nkung liefern. Solche Szenarien ko¨nnen die Anomalien,
welche in (g − 2)µ und Tau-Zerfa¨llen gemessen wurden, erkla¨ren.
Anschließend betrachten wir den Fall, dass das
”
Hidden Photon“ das Eichboson
der anomaliefreien Gruppen U(1)B−L, U(1)Lµ−Le , U(1)Le−Lτ oder U(1)Lµ−Lτ ist.
Unter Beru¨cksichtigung von schleifeninduziertem kinetischem Mischen fu¨hren wir eine
umfassende Analyse aller Einschra¨nkungen auf
”
Hidden Photons“ in diesen Mod-
ellen durch. Wa¨hrend diese Modelle allgemein stark durch Neutrinoexperimente
eingeschra¨nkt sind, kann die (g − 2)µ Anomalie in einem U(1)Lµ−Lτ Modell erkla¨rt
werden.
Zuletzt finden wir, dass durch Erweiterung des zuvor betrachteten U(1)Lµ−Lτ Modells
um ein vektorartiges Fermion χ die (g − 2)µ Anomalie und die heutige Dichte der
Dunklen Materie gleichzeitig erkla¨rt werden ko¨nnen.
Abstract
In the search for new physics, models of extra U(1) symmetries provide a simple
but versatile theoretical framework to attenuate shortcomings of the Standard Model
(SM). In an effort to systematically survey the physical prospects of such theories, we
study three different phenomenological aspects of extra U(1) symmetries.
First, studying Flavor-Changing Neutral Currents (FCNC) mediated by an effective
heavy Z ′ boson, we identify the most stringent constraints for all possible combina-
tions of lepton and quark flavor violating couplings. In regions of parameter space
where severe bounds from meson mixing are avoided, LHC resonance searches can pro-
vide the leading constraint. Such scenarios are able to explain the observed (g − 2)µ
and tau decay anomalies.
Second, we consider the possibility that the hidden photon is the gauge boson of the
anomaly-free groups U(1)B−L, U(1)Lµ−Le , U(1)Le−Lτ or U(1)Lµ−Lτ . Taking into ac-
count loop-induced kinetic mixing, we perform a comprehensive analysis of all hidden
photon constraints in these scenarios. While generically stringent bounds arise due to
neutrino couplings, for U(1)Lµ−Lτ an explanation of the (g− 2)µ anomaly is possible.
Finally, extending the previously considered U(1)Lµ−Lτ model by a vector-like fermion
χ, we find that the (g − 2)µ anomaly and the dark matter relic abundance can be
simultaneously explained.
v

Contents
Preface xi
1 Introduction 1
2 Fundamentals of extra abelian gauge symmetries 5
2.1 New Physics from the bottom up . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.1 Operators of dimension four and less . . . . . . . . . . . . . . . . . . 6
2.2 Portals to pew physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.1 Higgs portal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.2 Neutrino portal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.3 Vector portal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 The Physics of extra abelian symmetries . . . . . . . . . . . . . . . . . . . . 14
2.3.1 Origin of kinetic mixing . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3.2 Gauge boson mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.3 Diagonalization of neutral boson mass matrix . . . . . . . . . . . . . 17
2.3.4 Origin of flavor-changing neutral currents . . . . . . . . . . . . . . . 19
2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3 Flavor violation in a phenomenological Z ′ model 21
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Flavor violation complementarity at the LHC . . . . . . . . . . . . . . . . . 23
3.2.1 Reinterpretation of ATLAS dilepton resonance search . . . . . . . . 24
3.3 Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.3.1 Meson mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.3.2 Meson decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.3.3 Neutrino limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.3.4 Lepton decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3.5 Muonium – antimuonium oscillations . . . . . . . . . . . . . . . . . . 41
3.3.6 LEP limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.3.7 Magnetic dipole moments . . . . . . . . . . . . . . . . . . . . . . . . 44
3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.4.1 Benchmark scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.4.2 Hints for new physics . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
vii
Contents
4 Anomaly-free hidden gauge bosons 57
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.2 Hidden gauge bosons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.2.1 Kinetic mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.2.2 Flavor structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.2.3 Decay widths and branching ratios . . . . . . . . . . . . . . . . . . . 65
4.3 Collider versus beam dump searches . . . . . . . . . . . . . . . . . . . . . . 67
4.3.1 Naive comparison of sensitivities . . . . . . . . . . . . . . . . . . . . 67
4.3.2 Beam dump and fixed target experiments . . . . . . . . . . . . . . . 69
4.3.3 Collider experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.4 Indirect probes for hidden photons . . . . . . . . . . . . . . . . . . . . . . . 78
4.4.1 Rare muon and tau decays and Mu3e . . . . . . . . . . . . . . . . . 78
4.4.2 Limits from neutrino experiments . . . . . . . . . . . . . . . . . . . . 79
4.4.3 Astrophyscial and cosmological probes . . . . . . . . . . . . . . . . . 83
4.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
4.5.1 U(1)B−L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.5.2 U(1)Lµ−Le . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.5.3 U(1)Le−Lτ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
4.5.4 U(1)Lµ−Lτ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5 Exploring the dark matter connection of hidden photons 97
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.2 Adding dark matter in a U(1)Lµ−Lτ model . . . . . . . . . . . . . . . . . . . 98
5.2.1 Thermally averaged cross section . . . . . . . . . . . . . . . . . . . . 99
5.2.2 Relic abundance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
5.3 Astrophysical and cosmological constraints . . . . . . . . . . . . . . . . . . 104
5.3.1 Big bang nucleosynthesis . . . . . . . . . . . . . . . . . . . . . . . . 104
5.3.2 Cosmic microwave background . . . . . . . . . . . . . . . . . . . . . 107
5.3.3 Dwarf spheroidal galaxies . . . . . . . . . . . . . . . . . . . . . . . . 108
5.3.4 Cosmic ray positron flux . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.3.5 Cosmic neutrino fluxes . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.4 Laboratory constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.4.1 Nuclear scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.4.2 Electron scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
5.5 Hidden photon constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
5.6 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
6 Conclusions 121
Acknowledgements 125
A Higher order effects and Monte Carlo details 127
A.1 Higher order effects in cancellation . . . . . . . . . . . . . . . . . . . . . . . 127
A.1.1 NLO effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
A.1.2 Numerical stability of cancellation . . . . . . . . . . . . . . . . . . . 129
viii
Contents
A.2 Monte Carlo simulation details . . . . . . . . . . . . . . . . . . . . . . . . . 130
B Hidden gauge bosons: mass eigenstates and experimental signatures 131
B.1 Rotation to hidden photon mass eigenstate . . . . . . . . . . . . . . . . . . 131
B.2 Beam dump limit calculation . . . . . . . . . . . . . . . . . . . . . . . . . . 133
B.2.1 Bjorken implementation . . . . . . . . . . . . . . . . . . . . . . . . . 133
B.2.2 Andreas implementation . . . . . . . . . . . . . . . . . . . . . . . . . 135
B.2.3 Towards more accurate limits . . . . . . . . . . . . . . . . . . . . . . 136
B.2.4 A note on recasting beam dump limits . . . . . . . . . . . . . . . . . 137
B.3 Relevant processes and couplings for the different experiments . . . . . . . . 139
Bibliography 143
ix

Preface
The research presented in this thesis was conducted at the Institute for Theoretical
Physics at Heidelberg University in the years 2016 to 2019. Chapter 3 is based on research
in collaboration with J. Jaeckel (Heidelberg U.) that was previously published in the article
[1] P. Foldenauer and J. Jaeckel,
Purely flavor-changing Z’ bosons and where they might hide,
JHEP 05 (2017) 010, [1612.07789].
Chapter 4 is based on research in collaboration with M. Bauer (Durham U., IPPP) and
J. Jaeckel (Heidelberg U.) that was published in
[2] M. Bauer, P. Foldenauer and J. Jaeckel,
Hunting All the Hidden Photons,
JHEP 07 (2018) 094, [1803.05466].
Finally, the contents presented in Chapter 5 are based on the article
[3] P. Foldenauer,
Light dark matter in a gauged U(1)Lµ−Lτ model,
Phys. Rev. D99 (2019) 035007, [1808.03647].
Furthermore, the author contributed to the “Fourth workshop of the LHC LLP Commu-
nity” and is endorser of the resulting white paper
[4] J. Alimena et al.,
Searching for long-lived particles beyond the Standard Model at the Large Hadron
Collider,
1903.04497.
Finally, the author is involved in ongoing research, which has not been published at the
time of writing this thesis.
xi

Chapter 1
Introduction
The tantalizing precision with which modern particle physics describes nature at thesmallest experimentally accessible scales is rooted in the successful unification of two
of the most fundamental concepts of modern physics – quantum mechanics and special
relativity – within the framework of quantum field theory (QFT) [1–5]. Only the formu-
lation of the Standard Model (SM) of particle physics [6–8] as a local QFT subject to an
SU(3) × SU(2) × U(1) symmetry group has permitted particle physics to embark on an
era of precision tests. In this context, one of the most celebrated predictions of the SM is
that of the electron magnetic moment with an accuracy of better than 10−12 [9, 10]. The
discovery of the Higgs boson in 2012 at the LHC [11,12] marked the ultimate triumph of
the SM, when finally its last elusive piece had been found. With all its postulated particles
discovered and its huge precision in predicting observables, the SM today is established as
a very successful theory of particle physics. However, in spite of its tremendous success,
the SM suffers from a number of fundamental shortcomings, which might motivate us to
go beyond the SM in our theoretical efforts.
To begin with, all the success of the SM in making high precision predictions is condi-
tional on the precise knowledge of its 19 free input parameters [13]. Considering the SM to
be a purely descriptive model, it might appear appealing to view the SM input parameters
as a priori arbitrary and to determine them experimentally. However, from a theoretical
point of view this is deeply unsatisfactory and indeed there is reason to believe that the
exact values of the SM parameters are not pure coincidence. For example, consider an
alternative incarnation of the SM with the same field content, but with the values of the
u- and d-quark Yukawa couplings (i.e. the quark masses) interchanged. Suddenly, the
proton would be heavier than the neutron. This would have drastic consequences for our
universe as the hydrogen atom would become unstable. Its nucleus (i.e. the proton) would
decay into a neutron, a positron and an electron-neutrino. The released positron would
annihilate with the electron into pairs of characteristic 511 keV photons and the universe
would be mainly filled with stable thermal neutrons [14]. Considerations of the like show
us that the existence of the universe as we know it critically depends on the exact values
of the SM parameters. This might be reason to believe that a deeper mechanism beyond
the SM exists which sets those values.
Moreover, within the SM the three fundamental interactions of elementary particles –
the strong, the weak and the hypercharge interaction – are described in terms of quantum
1
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field theories. At energies accessible with modern particle accelerators, it is sufficient
to take into account only these three interactions to get an accurate description of the
physics. However, at energies exceeding the Planck mass mPl =
√
~c/G, or equivalently
at distances smaller than the Planck length `Pl =
√
~G/c3, we expect gravitational effects
to become as important as quantum effects [15,16]. In this sense, the Planck scale gives the
quantum limit of general relativity [17] and conventionally it is assumed that a theory of
quantum gravity should resolve this by setting all the fundamental interactions (including
gravity) on equal footing. However, the SM is not concerned with gravity at all and it is
therefore not expected to give an accurate description of particle physics at or beyond the
Planck scale.
This fact tells us that indeed the SM cannot be a complete theory of particle physics up
to arbitrarily high scales in the ultraviolet (UV). Instead, it must rather be a low-energy
effective theory that is valid up to some scale Λ < mPl [18]. However, considering the
SM to be valid up to scales substantially higher than the electroweak scale is problematic
from the point of view of an effective field theory (EFT). As in an EFT all operators
Od of dimension d should have their dimensionality set by the cutoff scale Λ [19], their
coefficients should be cΛ4−d with a parameter c ≈ 1. For the d = 2 Higgs mass operator,
this would mean that
Ld=2 = cΛ2|H|2 . (1.1)
From the measurement of the physical Higgs mass Mh we know, however, that Mh ∼ v is
of the order of the electroweak vacuum expectation value (VEV) v. In contrast to what we
just said, this would require c = v2/Λ2  1 to be unnaturally small [20]. This apparent
fine-tuning problem is often referred to as the Electroweak Hierarchy Problem.
The aforementioned theoretical issues can be considered purely aesthetic if the SM
itself is regarded as a mere low-energy effective theory. In this case it should at the
least accurately describe particle physics at comparatively small energies, as accessible
in laboratory experiments or in processes governing the universe today. Contrary to
these considerations, the SM cannot give a complete description of particle physics at
low energies as soon as we are also concerned with astrophysics and cosmology.
If we consider the total energy budget of the universe today, we find that only ∼ 5% of
the energy density consists of baryonic matter [21], which can be described by SM physics.
The fact that there is at all a net relic baryon abundance is attributed to baryogenesis, a
mechanism that under very general assumptions requires violation of baryon number B,
C- and CP-violation, as well as out-of-equilibrium interactions [22]. However, the SM can
most probably not be the (only) source of baryogenesis [23]. For example, in order for
electroweak baryogenesis to work, a strong first order phase transition is required [24,25].
This is not the situation that we have in the SM and hence sphaleron processes could
attenuate any created baryon asymmetry. Second, the SM is believed not provide enough
CP-violation [26–29] to have generated the observed asymmetry.
Another ∼ 27% of the energy density of the universe consists of non-baryonic matter
referred to as Dark Matter (DM). The remaining ∼ 68% are due to a substance with
negative pressure called Dark Energy (DE), which in the common Standard Model of
Cosmology is just given by a cosmological constant Λ. Neither DM nor DE are described
by SM physics. Hence, (at least) ∼ 95% of the total energy budget of the universe is
2
unaccounted for by the SM, making the need for physics Beyond the Standard Model
(BSM) all the more pressing.
Apart from the theoretical issues of the SM that could potentially be addressed with
new physics, there are a number of observational hints of where such new physics might
be hiding.
• One observation exhibiting a feature that can potentially be attributed to new
physics is the measured cosmic ray positron spectrum. The positron fraction ob-
served first with PAMELA [30,31] and later with Fermi-LAT [32] and AMS-02 [33,34]
shows a rise at energies between 10 to 100 GeV. While there is some general debate
whether this excess can be explained from astrophysical sources or secondary parti-
cle production during cosmic ray propagation [35, 36], it has also immediately been
interpreted as potentially coming from a possible DM remnant [37–41].
• A number of analyses of gamma ray data of the galactic centre taken with Fermi-
LAT [42] revealed an excess peak at energies of around 1 to 5 GeV, which has
commonly been interpreted as coming from the annihilation of DM [43–50]. That
being said, in recent years an alternative explanation of the excess has ben attributed
to gamma-ray pulsars [51,52].
• The data taken with the full 2.46 t×yr exposure of the DAMA/NaI and
DAMA/LIBRA experiments show evidence for an annual modulation signal con-
sistent with the DM hypothesis at 12.9 σ C.L. [53, 54]. The findings of the DAMA
experiments are subject to an ongoing controversial debate. While attempts to at-
tribute the observed signal to a potential background process [55–60] have been
futile, the DAMA signal as being due to DM has been firmly ruled out by a num-
ber of complementary experiments [61–71]. Independent measurements with very
similar detector designs might help in the future to resolve this tension [72].
• LHCb has performed a number of measurements to test lepton flavor universality.
Most prominently, the individual measurements of the B meson decay ratios
RK =
Br(B+ → K+ µ+µ−)
Br(B+ → K+ e+e−) , RK∗ =
Br(B0 → K∗0 µ+µ−)
Br(B0 → K∗0 e+e−) , (1.2)
are compatible with their SM prediction at the ∼ 2σ level [73, 74]. However, the
combination of these measurements is very sensitive to new physics contributions
[75,76] and indeed displays a deviation from the SM expectation of ∼ 4−5σ [77–83].
Similarly, experimental determinations of the individual ratios
RD =
Br(B¯ → D τ−ν¯τ )
Br(B¯ → D `−ν¯τ ) , RD
∗ =
Br(B¯ → D∗ τ−ν¯τ )
Br(B¯ → D∗ `−ν¯τ ) , (1.3)
with ` = e, µ, are compatible with the SM at the ∼ 2σ level [84–87]. The combined
analysis of RD and RD∗ on the other hand is in tension with the SM prediction at
the ∼ 4σ level [88–90].
3
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• Finally, one of the most longstanding tensions between experiment and the-
ory is certainly the excess in the observed muon anomalous magnetic moment
aµ = (g − 2)µ/2. The value of aµ, experimentally determined at the BNL E821
experiment [91–93], deviates from the SM prediction by about ∼ 3σ [94, 95]. The
successor experiment E989 at Fermilab, which already started taking data, is aim-
ing at a factor-of-20 improvement in the muon statistics, thereby reaching a fourfold
improvement in the uncertainty [96,97]. If the excess in aµ is due to new physics and
the central value does not change, this will push the significance above 5σ, thereby
making it a discovery of new physics.
Together with the previously discussed theoretical shortcomings that the SM is suffer-
ing from, this list of observational hints provides ample motivation to consider new physics.
Ultimately, a UV-complete “theory of everything” should address and resolve all of the
aforementioned issues in a comprehensive and unified framework. One possible example
of such theories might be string theory, as e.g. argued for in [98]. However, the complexity
of string theory makes it very hard to make clear experimentally testable predictions.
Rather than trying to construct such a “theory of everything”, in this thesis we follow
a more humble bottom-up approach to address new physics. In this approach, we will
ask ourselves in Chapter 2 how to incorporate new physics effects addressing (part of) the
issues discussed here into the SM. Therefore, we will start out in Section 2.1 to investigate
strategies to extend the SM in a consistent way. This will bring us to the concept of portal
interactions of new physics with the SM. As we will see in Section 2.2, renormalizability
and gauge invariance allow for three different portal interactions – the Higgs, neutrino and
vector portal. Of these three portals, the vector portal motivates the presence of a new
fundamental abelian gauge interaction. This will serve us as a motivation to study general
models of extra U(1) symmetries in Section 2.3 as one representative class of theories that
incorporate new physics into the SM in a consistent way. As a possible example of such an
extension, we study in Chapter 3 the phenomenology of an effective U(1) model with an
associated Z ′ boson that exposes exclusively flavor-violating couplings to the SM. We will
see that such models are subject to severe constraints from flavor observables. Neverthe-
less, they provide for a possible simultaneous explanation of the (g−2)µ excess and a small
tension in the tau decay ratio to muons and electrons. Starting out from a secluded U(1)X
hidden photon model, we discuss the phenomenological consequences on the hidden gauge
bosons of the four anomaly-free groups U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ and U(1)B−L
in Chapter 4. Apart from the vector portal interaction, the associated bosons of these
groups also take part in gauge interactions with SM particles. We will see that this makes
them subject to stringent bounds from neutrino experiments. Furthermore, we will see
that while an explanation of (g − 2)µ is still possible in the case of U(1)Lµ−Lτ , part of
the relevant parameter space can be excluded from novel white dwarf cooling constraints.
In Chapter 5, we will extend the phenomenologically interesting U(1)Lµ−Lτ model by a
vector-like fermion χ. The results of our analysis of such a model show that χ is a viable
DM candidate, which enables a simultaneous explanation of the DM relic abundance ΩDM
and the (g − 2)µ excess. Finally, we summarize our results and draw some concluions in
Chapter 6.
4
Chapter 2
Fundamentals of extra abelian
gauge symmetries
In this chapter, we want to motivate and review models of extra U(1) gauge symmetriesas candidate theories of new physics. Driven by the question of how we can consistently
incorporate new physics effects into the SM, our discussion in Section 2.1 will bring us to
the special role that dimension-four operators play in the construction of quantum field
theoretic models of new physics. As the three gauge invariant dimension-four operators,
we will review the Higgs, neutrino and vector portal in Section 2.2. Intriguingly, the
vector portal coupling of the associated boson of a new U(1) gauge group to the SM
hypercharge boson naturally combines the principles of renormalizability and symmetry.
The postulation of a new abelian gauge symmetry is a unique feature of the vector portal
and serves us as a motivation to study general U(1) extensions of the SM in Section 2.3.
In this discussion, we will go beyond the case of pure portal interactions with the SM
and allow for gauge couplings of the new bosons to SM fields. This general discussion
will set the stage for our phenomenological studies of various aspects of extra U(1) gauge
symmetries in Chapters 3 to 5.
2.1 New Physics from the bottom up
The tremendous success of the SM is in its essence built upon the concept of symmetry.
The idea that nature can be described by a renormalizable quantum field theory which is
invariant under local symmetry transformations is at the heart of the SM. We can now
ask ourselves if we can consistently incorporate new physics into the SM without giving
up on these successful concepts.
When constructing models for new physics, we might ask for some guiding principles.
In an attempt to formulate a quantum field theory for new physics, we will hence follow
the very successful approach of canonical quantization in quantum mechanics [99]. In
canonical quantization we obtain the quantized theory from its classical analogue by pro-
moting the field variables ϕ(x) (and their conjugate momenta) to operators and imposing
commutation relations on them. All the dynamics of the system is then encoded in the
Lagrangian L. The fundamental building blocks of a quantum field theory containing a
5
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quantum field ϕ are the n-point correlation functions [100]
〈0|T ϕ(x1)ϕ(x2) . . . |0〉 = 1
i
δ
δJ(x1)
1
i
δ
δJ(x2)
· · ·
∫
Dϕ ei
∫
d4x(L[ϕ]+Jϕ)
∣∣∣∣∣
J=0
. (2.1)
Thus, the quantity determining the behavior of the quantum theory is the action governed
by the Lagrangian,
S =
∫
d4x L[ϕ] . (2.2)
If we want to construct a theory for BSM physics, we will be concerned with the question
of how to consistently modify this quantity in order to incorporate new physics effects.
In the action appears the Lagrangian density L consisting of a sum of local operators O
times couplings g. In order to gain a better understanding of which kind of operators O
we may add to the Lagrangian of the SM, it is insightful to perform some dimensional
analysis.
As we work in units where ~ = c = 1, we can relate length L and time T to units
of inverse mass M−1 via T = c−1L and L = ~c−1M−1. Effectively, we can therefore
assign units of mass to some power to every quantity Q. Henceforth, we will denote this
mass dimension by [Q]. As the action S appears in the exponential in Eq. (2.1), it
must be dimensionless [S] = 0. From the four-dimensional space-time integral appearing
in Eq. (2.2) it follows immediately that the Lagrangian has mass dimension [L] = 4. So
for every term in the Lagrangian it must hold that
[L] = 4 = [g] + [O]. (2.3)
This means that we can only add terms to the Lagrangian which have an overall mass
dimension of four. Indeed, it turns out that operators of mass dimension [O] ≤ 4 are
special for a number of reasons.
2.1.1 Operators of dimension four and less
In a generic Lagrangian QFT, UV divergencies might appear when we want to calculate
correlation functions or scattering amplitudes, respectively. However, if we want the theory
to be predictive we might want to find a way to regulate the divergencies such that the
expressions for physical quantities stay finite. If it is possible to absorb the appearing
divergencies into coefficients of terms in the Lagrangian or to cancel them by adding a
finite number of counterterms, we call the theory renormalizable.
In order to understand under which conditions a theory is renormalizable we will follow
the reasoning of Weinberg [101]1 and classify the divergent behavior of a generic theory.
In general, the theory will contain various different types of interactions labeled i, which
are characterized by the number nif of fields of type f and the number di of derivatives
acting on them. For any connected one-particle irreducible (1PI) Feynman diagram with
If internal and Ef external lines of type f and Ni vertices of type i we can calculate
its superficial degree of divergence D. Roughly speaking, D is the power of internal
momenta in the numerator minus the power of internal momenta in the denominator of the
1For variations in the treatment of this analysis we refer the reader to [100,102,103].
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amplitude corresponding to the 1PI Feynman diagram. In the ultraviolet where all internal
momenta go to infinity with a common factor κ → ∞ the amplitude will asymptotically
behave as ∫ ∞
κD−1dκ . (2.4)
In other words, for D > 0 the diagram will diverge with the power of D, for D = 0 it will
diverge logarithmically and for D < 0 it will converge in the UV.
In order to calculate D, we first note that the propagator of field f has an asymptotic
momentum behavior of
∆f (k) ∝ k−2+2sf , (2.5)
with sf = 0 for scalars, sf = 1/2 for Dirac fermions and sf = 1 for massive vector
particles2. Taken together, all the propagators in the diagram will add a total power of
momenta to the amplitude equal to ∑
f
2 If (sf − 1) . (2.6)
The derivatives in the interaction of type i will yield at each vertex an additional power
di of momenta totaling to ∑
i
Nidi . (2.7)
Finally, we have to integrate over the internal momenta. A priori each internal line If
will contribute one such four-momentum integration. However, the delta functions ac-
companying each vertex will linearly relate the internal momenta with each other. Taking
further into account that one delta function enforces total momentum conservation, the
full momentum integration will contribute another power of momenta of
4
∑
f
If −
(∑
i
Ni − 1
) . (2.8)
We can now determine D by simply adding up all these contributions. However, we can
make some further simplifications to bring D into a more insightful form. Therefore, we
remember that each vertex of type i has nif lines of field type f attached to it. So in
total there will be
∑
iNi nif lines of field type f ending in all the vertices of the diagram.
Taking into account that the full diagram has Ef external and If internal lines of field
type f and each internal line If will end at two different vertices implies the topological
identities
Ef + 2If =
∑
i
Ni nif . (2.9)
Eliminating If by use of these identities leaves us with the following expression
D = 4−
∑
f
Ef (sf + 1)−
∑
i
Ni ∆i , (2.10)
2For example, in the case of a massless photon cancellations in the propagator lead to sf = 0. as
pointed out in [101], due to gauge invariance such cancellations even occur for massive vector fields if they
are coupled to a conserved current, leading also to sf = 0. Otherwise, we might think of sf as the spin of
the particle.
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where we have identified the canonical mass dimension of the coupling associated with the
interaction of type i,
∆i ≡ 4− di −
∑
f
nif (sf + 1) . (2.11)
From Eq. (2.10) it follows immediately that interactions with ∆i < 0 cannot be renormal-
izable. This becomes immediately clear as for any given number of external lines
∑
f Ef
the degree of divergence grows as we add more and more of the corresponding vertices.
Eventually, this will always render D positive and consequently deteriorate the divergent
behavior of the amplitude with increasing number of vertices. Interactions with ∆i < 0
are therefore called perturbatively non-renormalizable. Interactions with ∆i = 0 are
perturbatively renormalizable as the divergencies can be absorbed by a finite number of
counterterms and the asymptotic divergent behavior of the amplitude does not change if
more vertices are added. Finally, interactions with ∆i > 0 are called perturbatively super-
renormalizable as the divergent behavior of the amplitude even improves with more and
more vertices added (D eventually becomes negative and the amplitude converges).
As mentioned before we can regard the SM as an effective field theory (EFT) at low
energies, in this case the electroweak scale v. In this spirit, we can try to incorporate
new physics effects originating from a UV-complete theory into such a low-energy EFT.
Formally, we can write down the EFT Lagrangian as an infinite sum over operators Oi of
mass dimension [Oi] = δi times couplings gi with [gi] = ∆i,
LEFT =
∑
i
gi Oi =
∑
i
ci
Λδi−4
Oi . (2.12)
For the second equality, we have introduced the dimensionless coupling coefficient ci =
Λδi−4gi, where the cutoff Λ of the EFT is around the typical energy scale M  v of the
full UV-complete theory (and hence ci = O(1)). If we want to consider a process at an
energy E we can dimensionally estimate the magnitude of the ith term in the action [19]
to be ∫
d4x gi Oi ∼ ci
(
E
Λ
)δi−4
. (2.13)
This allows us to classify operators as relevant, marginal or irrelevant depending on
whether their energy scaling lets the corresponding amplitude grow, invariant or decrease
when going to small energies [104,105]. Together with our renormalizability considerations
from before we can group interactions giOi into three classes as summarized in Table 2.1.
Hence, we find that relevant and marginal operators of EFTs, i.e. operators with δi ≤ 4,
are exactly those that have potentially large effects at low energies where we can make
experiments to test the theory. If we are thus interested in the phenomenology of a
potential UV completion of the SM, we should make sure that we include all operators of
δi ≤ 4 in our low energy theory when calculating observables.
On the other hand, we have seen from dimensional analysis that for non-renormalizable
interactions the coupling has mass dimension [gi] = ∆i < 0. As these interactions are a
residual low-energy effect of the full UV-complete theory, it is reasonable to assume that
the coupling gi is suppressed with the mass scale of the full theory,
gi ∼M∆i . (2.14)
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δi ∆i behavior for E → 0
< 4 > 0 growing relevant super-renormalizable
= 4 = 0 constant marginal renormalizable
> 4 < 0 falling irrelevant non-renormalizable
Table 2.1: Classification of operators according to their low-energy behavior.
From our simple order of magnitude estimate Eq. (2.13) we can conclude that at low
energies E  M the effect of non-renormalizable interactions stemming from the UV
theory will be suppressed by a factor (E/M)−∆i and can thus safely be neglected at
leading order.
2.2 Portals to pew physics
In the discussion of the previous section, we have seen that if we want to consistently
include new physics into our theory we should first and foremost be concerned with op-
erators of dimension δi ≤ 4. These are exactly the operators that will be renormalizable
and therefore do not introduce uncontrollable divergencies into the theory. Furthermore,
we expect these operators to have large effects at low energies and therefore to be most
relevant for experimental searches for new physics. From an EFT perspective, they are
the first operators to appear at low energies as they are unsuppressed by the scale M of
the full UV theory.
This leads us to the important concept of portal interactions or portals. The idea
of portals is to systematically incorporate new physics into the SM via operators Oi with
δi ≤ 4 by coupling combinations of SM fields which are singlets under the SM gauge group
to some new hidden sector (HS) fields. The general strategy to construct such portals can
be summed up as follows:
• Replace (combinations of) SM fields that are total singlets under the SM gauge
group by HS fields.
• Replace dimensionfull SM couplings (i.e. [g] > 0) by HS fields.
In the following, we want to give a short overview over the three different SM portals to
new physics and analyze them in some detail.
2.2.1 Higgs portal
The SM Lagrangian features only strictly renormalizable terms (i.e. operators with δi = 4)
with the exception of one super-renormalizable term with a positive-mass dimension cou-
pling, the Higgs mass term (with δi = 2)
L = −µ2H†H . (2.15)
Indeed, the scalar, dimension-two combination H†H is a total singlet under the SM
gauge group GSM . This offers the possibility to couple it to a HS singlet scalar in a
9
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(super-)renormalizable operator [106]. The simplest choice for such a new HS field is a
real scalar S [107, 108], which transforms as a total singlet under all symmetries of the
theory. This allows both for a direct trilinear and quartic coupling to the SM Higgs boson
of the type
L = −(ω S − λHS S2)H†H . (2.16)
In this minimal choice of an extra real, total-singlet scalar, the most general potential for
H and S [109,110] is then given by
V0(H,S) = −µ2H†H+λ(H†H)2−µ2SS2−αS3 +λSS4−ω SH†H+λHS S2H†H , (2.17)
where the parameters µ, µS , α and ω have positive mass dimension.
In many realizations of the Higgs portal, the new scalar field S plays the role of a
Higgs field and induces spontaneous breaking of a new extra dark symmetry Gd [111]. In
this case, however, the scalar S cannot transform as a singlet under the dark symmetry
Gd, but must rather transform under some non-trivial representation. In this case, we can
still construct a Higgs portal interaction of δi = 4 by replacing S
2 → S†S in Eq. (2.16).
Similarly, such scalar portals are often studied in the context of dark matter extensions
(see e.g. [112–114]). In this case the new scalar S plays the role of the DM candidate. It
must therefore be protected from decays in order to be stable at cosmological scales. This
requires S to be (at least) odd under an extra Z2 symmetry. Imposing such a symmetry
removes all terms with odd powers of S in the potential,
V0(H,S) = −µ2H†H + λ(H†H)2 − µ2SS†S + λS(S†S)2 + λHS S†SH†H . (2.18)
If the scalar S acquires a vacuum expectation value 〈S〉 = w this will lead to an off-diagonal
mass matrix for the two scalars h and s after symmetry breaking
M2 =
(
2λv2 λHS vw
λHS vw 2λSw
2
)
. (2.19)
This mass matrix can be diagonalized by a simple orthogonal rotation OTM2O about an
angle θ that is defined by
tan θ =
λHS vw
λSw2 − λv2 . (2.20)
However, this has interesting phenomenological consequences as it mixes h and s in the
mass eigenstates (
H1
H2
)
=
(
cos θ h− sin θ s
cos θ s+ sin θ h
)
. (2.21)
This mixing will modify the couplings of the SM-like Higgs. Hence Higgs coupling mea-
surements can be used to constrain such a scenario [115,116].
In principle, there are two different cases. If the new scalar, typically identified with
H2, is heavier than the SM-like scalar H1 it can be searched for e.g. in WW , ZZ or
dihiggs final states [117–119]. The second heavier Higgs H2 can actually help to stabilize
the Higgs potential, if it is sufficiently heavy [120,121]. In general, the portal coupling can
be constrained by demanding that λHS > 0 up to the Planck scale MPl. In case that the
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new scalar H2 is lighter than H1, it is typically subject to strong constraints from direct
searches [122].
While the Higgs portal provides in general for a very rich phenomenology we will
refrain from a detailed discussion here and refer the reader to Refs. [123, 124] for recent
reviews.
2.2.2 Neutrino portal
In the SM, the Higgs mechanism is responsible for giving all the fermions and gauge bosons
their masses. After Electroweak Symmetry Breaking (EWSB) the Higgs acquires a VEV,
H =
1√
2
(
0
v + h
)
, (2.22)
generating a mass term for the fermions from the Yukawa terms. For example, in the
quarks sector the corresponding Yukawa terms are given by
LYukQ = −Y Dαβ Q¯αH dRβ − Y Uαβ Q¯αH˜ uRβ + h.c. , (2.23)
where Y D and Y U are the down- and up-type Yukawa matrices and H˜ = iτ2H
∗. As in the
SM there are no right-handed neutrinos, the equivalent of the up-type Yukawa coupling
is absent in the lepton sector. Hence, neutrinos are exactly massless within the SM.
However, it is worthwhile noticing that the spin-1/2 operator L¯H˜, which would be
required for the neutrino Yukawa coupling term, transforms as a total singlet under the
SM gauge group GSM. Hence, from this operator we can build another portal interaction
of δi = 4 by coupling it to N gauge-singlet fermions NI (I = 1, . . . ,N ) [125]. Due to their
singlet nature these fermions do not take part in any of the SM model interactions, which
is why they are often called sterile neutrinos in contrast to their active SM counterparts.
In so-called neutrino portal interactions, these new right-handed sterile neutrinos are
coupled to the SM left-handed neutrinos
LNeutrino portal = −Y ναI L¯αH˜ NI + h.c. , (2.24)
where Y ν is in general a complex 3 × N Yukawa coupling matrix. For N = 3 each left-
handed SM neutrino obtains its right-handed partner and the SM three-family structure is
fully recovered. In the broken phase, the neutrino portal Eq. (2.24) generates a Dirac mass
term withmD = Y
νv for the neutrinos. From cosmological observations we know, however,
that the sum of the masses of the active neutrinos has to be quite small
∑
νmν < 0.12 eV
[21]. If these small mass are to be generated from a pure Dirac mass term, this usually
requires quite a substantial amount of fine-tuning of the neutrino Yukawa coupling and
therefore seems to be rather unnatural3.
This is where sterile neutrinos come into play to offer a compelling explanation for the
smallness of the active neutrino masses. As the new fermions NI are singlets under the
full SM group, gauge invariance allows for a Majorana mass term of the form
LMajorana = −1
2
N¯CMMN + h.c. , (2.25)
3However, some mechanisms have been proposed that could explain such small Dirac masses for neutri-
nos in extradimensional theories [126–128] or in models of composite neutrinos [129] without fine-tuning
of the Yukawa couplings or the introduction of a new fundamental heavy scale.
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where the matrix MM is a priori unconstrained. We can write the full neutrino mass
term in the following way
Lmass = −1
2
(ν¯, N¯C)
(
0 mD
mTD MM
)(
νC
N
)
+ h.c. . (2.26)
If the Majorana mass term is large, in particular if all the eigenvalues of MM are much
larger than the elements of mD, the mass matrix of Eq. (2.26) can be brought into block-
diagonal form by a unitary transformation [130]. In this case, the upper 3 × 3 block is
approximately given by
mν ' −mTDM−1M mD , (2.27)
and the corresponding mass eigenstates are mostly active neutrino-like. This means that
the masses of the active neutrinos are proportional to mD, but suppressed by the small
factor mTDM−1M and are therefore naturally small. In other words, the heavy Majorana
masses of the sterile neutrinos give rise to the small masses of the active neutrinos, which
is why it is called the (type-I) seesaw mechanism [131–138]. In this scenario, the mass
matrix of the lower N ×N block corresponds approximately to the heavy Majorana mass
matrix mheavy 'MM and the corresponding mass eigenstates are mostly sterile neutrino-
like. These heavy neutrinos consequently can be integrated out at low scales and play no
role for the phenomenology of the light neutrinos.
In their simplest incarnation, the gauge-singlet sterile neutrinos NI with their Ma-
jorana mass term do not carry lepton number. As they do not take part in any gauge
interaction they couple to the SM only very weakly such that they can be out of equi-
librium early in the universe. Furthermore, as their Yukawa interactions in principle
allow for large CP-violating phases, sterile neutrinos are ideal candidates to help with the
generation of the baryon asymmetry of the universe via leptogenesis [139]. In the early
universe the out-of-equilibirum sterile neutrinos can generate a net lepton number which
is then transported to the baryon sector via electroweak sphalerons at high temperatures
T > TEW (see e.g. [140–142] for some reviews).
Another phenomenologically interesting aspect of sterile neutrinos is their capacity to
play the role of DM. The fact that sterile neutrinos are neutral, massive and have very
weak interactions makes them a natural candidate for DM [143]. Contrary to many other
proposed DM candidates, sterile neutrinos are not stable due to their mixing with the
light SM neutrinos. However, as this mixing is typically very small they can still have
lifetimes significantly larger than the lifetime of the universe. Moreover, sterile neutrinos
are typically not produced from thermal freeze-out, but rather from electroweak processes
via the mixing with the active neutrinos. For a recent review on sterile neutrino dark
matter we refer the reader to [144].
In general, the neutrino portal and sterile neutrinos have a very rich and interesting
phenomenology of which we can only give a very limited and imbalanced selection. As
sterile neutrinos are not the focus of this thesis, instead we want to refer to one of the
many good review papers (see e.g. [145]) as a starting point for further detailed study of
the topic.
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2.2.3 Vector portal
A fundamental concept that has lead to the construction of the SM is gauge invariance.
In any gauge theory, we demand that all terms in the action are invariant under gauge
transformations. So for a pure free Yang-Mills theory we demand that under a gauge
transformation
Aµ → Ω(x)AµΩ−1(x) + iΩ(x)∂µΩ−1(x) , (2.28)
of the gauge potential Aµ the Yang-Mills action
SYM = −1
4
∫
d4x trFµνF
µν , (2.29)
stays invariant. One can verify by a staight-forward calculation that under the gauge
transformation Eq. (2.28) the field strength tensor transforms as
Fµν → Ω(x)FµνΩ−1(x) . (2.30)
Hence, by construction of the kinetic term Eq. (2.29) via the trace, the Yang-Mills action
stays invariant under a general gauge transformation. Remarkably, for abelian gauge
symmetries with the transformations Ω(x) = eiω(x), the field strength tensor Fµν is a gauge
invariant quantity by itself. Noting further that the field strength has mass dimension
δ = 2 we can construct the renormalizable, gauge-invariant vector portal interaction of
δ = 4 by coupling the field strength tensors of two different abelian symmetries to each
other
LVector portal = − 
2
FµνF
′µν . (2.31)
This type of mixed kinetic term of two abelian gauge bosons is often referred to as kinetic
mixing. It was first considered in the context of quantum electrodynamics (QED) by
Okun [146] and Holdom [147]. In the case of the Higgs and neutrino portals, we could
just postulate some new particles ad hoc. For the vector portal to work, however, we have
to introduce a new U(1) gauge group in order not to spoil renormalizability and gauge
invariance of the term in Eq. (2.31). Effectively, this is equivalent to introducing a new
fundamental interaction.
The fact that the vector portal should be accompanied by a new fundamental gauge
interaction sets this case apart from the Higgs and neutrino portal. In the minimal realiza-
tion of such a model, any possible new fields ψ carrying charge under the new symmetry
are completely secluded from the SM sector, i.e. ψ are SM singlets. In such secluded
U(1)X models, the only interaction of the fields ψ with the SM occurs via the kinetic
mixing portal term in Eq. (2.31). This has important phenomenological consequences (for
reviews discussing the minimal U(1)X case see e.g. [148,149]).
While all portal interactions are interesting by themselves, we will use the fact that
the vector portal is accompanied by a new fundamental gauge interaction as a motivation
to study the addition of a new U(1) symmetry in more detail. In this context, we will go
beyond the concept of a purely secluded U(1)X and also consider the case where (part of)
the SM fields are charged under the new symmetry.
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2.3 The Physics of extra abelian symmetries
The possibility of having an extra U(1) factor in the SM has been considered by theorists
for a long time [150]. Apart from the interesting phenomenology that it implies, the
presence of such extra U(1) groups can be theoretically very well motivated from grand
unification or string theories. In this section, we want to study the general physical
implications of adding a second U(1)X to the SM group GSM. Having no specific setup
in mind, we can start from writing down the most general renormalizable Lagrangian
invariant under GSM × U(1)X ,
L = LSM − 1
4
XˆµνXˆ
µν − Y
2
BˆµνXˆ
µν − M
2
X
2
XˆµXˆ
µ − gx jxµXˆµ , (2.32)
where LSM denotes the usual SM Lagrangian and Bˆµν and Xˆµν denote the field strength
tensors of the hypercharge U(1)Y and the new U(1)X symmetry in the gauge basis, re-
spectively. We will see in Section 2.3.2 that the mass term in Eq. (2.32), contrary to
intuition, can be made gauge invariant, if it comes from a Stu¨ckelberg mechanism. If the
extra U(1)X is Higgsed, the mass term will of course originate from spontaneous symme-
try breaking and therefore cannot be gauge invariant anymore4. The new gauge field Xˆµ
couples to fields ψ that are charged under U(1)X via the conserved gauge current
jxµ =
∑
ψ
ψ¯ γµ (Q
ψ
L PL +Q
ψ
R PR)ψ , (2.33)
where QψL and Q
ψ
R are the charges of the left- and right-handed components of the Dirac
field ψ. In a secluded U(1)X model, only (heavy) hidden sector fields may carry charge
under the new symmetry, while all SM fields remain uncharged. In this thesis, however,
we will also explicitly consider scenarios where the fields ψ can be SM fields. As we will
see, this leads to a very different phenomenology than in the U(1)X case.
If the mass of the new gauge boson is due to a Stu¨ckelberg mechanism, the Lagrangian
in Eq. (2.32) alone fully defines the theory of the extra U(1)X symmetry. In order to gain
some physical intuition, we will have a closer look at individual terms and discuss their
physical implications in the following.
2.3.1 Origin of kinetic mixing
As we have seen, the vector portal interaction Eq. (2.31) is a fully renormalizable and
gauge-invariant operator. Hence, the kinetic mixing parameter Y can be viewed as a
free parameter of the theory. However, if we view the extra U(1)X symmetry to be a
low-energy remnant of a UV-complete theory that is broken at some high scale Λ v, we
will typically expect to have some additional heavy fields ψ with masses of the order of the
breaking scale Λ in the spectrum. In particular, if the new abelian group originates from
the breaking of a grand unified theory (GUT), GGUT → GSM×U(1)X , the heavy fields ψ
are usually charged under both U(1)X and the SM U(1)Y . These heavy fermions induce
4If the new symmetry breaking scalar is also charged under the SM, it can generate an effective mass
mixing term δM XµBµ [151, 152]. However, in this work we will not entertain such a possibility and
therefore assume δM = 0 throughout this thesis.
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Bˆµ Xˆµ
ψ
Figure 2.1: Prototypical diagram leading to loop-induced kinetic mixing between the
hypercharge gauge boson Bˆµ and the U(1)X gauge boson Xˆµ from a fermion ψ running
in the loop.
kinetic mixing between the hypercharge boson Bˆµ and the new boson Xˆµ from loop-effects
as shown in Fig. 2.1. The resulting loop-induced effective kinetic mixing Y (q
2) depends
on the momentum transfer q2 and is given by
Y (q
2) =
g1 gx
4pi2
∫ 1
0
dx x(1− x) log
 ∏
ψL,ψR
(
m2ψ − x(1− x) q2
µ2
)NcψYψQψ , (2.34)
where g1 denotes the U(1)Y hypercharge coupling constant and mψ, N
c
ψ, Yψ and Qψ are the
mass, color factor, hypercharge and U(1)X charge of the fermion ψ
5. The renormalization
scale µ . Λ is the scale at which the loop integral is regularized and below which the
induced kinetic mixing term is valid from an EFT perspective.
Parametrically, we can estimate the order of magnitude of the induced kinetic mixing
in the infrared, i.e. for q2  µ2, to
Y (q
2) ≈ g1 gx
4pi2︸ ︷︷ ︸
10−3... 10−5
∑
ψ
YψQψ log
(
m2ψ
µ2
)
︸ ︷︷ ︸
1...10
∼ 10−2 . . . 10−5 , (2.35)
where we have assumed that the masses of the extra fermions ψ lie around or above the
high scale mψ & Λ and that the new U(1)X symmetry is weakly coupled gx . O(10−1).
These considerations naturally motivate the range of small values 10−5 . Y . 10−2
for the kinetic mixing. However, for example in “LARGE” volume compactifications of
string theory [153] very small gauge couplings gx can arise for extra hidden gauge groups
U(1)X . In this context, one can also naturally obtain kinetic mixings significantly below
the loop suggested value of Y ∼ 10−3 [154].
2.3.2 Gauge boson mass
The gauge boson Xˆµ associated with the new U(1)X can in principle remain massless if
the symmetry is unbroken. This possibility has been studied in the context of DM, where
5Note that the product in Eq. (2.34) runs over left- and right-handed components of ψ, individually.
As hypercharge is chiral (and, depending on the charge assignments, U(1)X might be as well) left- and
right-handed fields contribute differently.
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the associated boson mediates interactions between dark sector particles [155]. The kinetic
mixing interaction will typically lead to effective milli-charges of the DM particles [156].
In general, the new boson Xˆµ can acquire mass either by breaking of the U(1)X sym-
metry or from a bare or Stu¨ckelberg mass term. In this section, we want to study these
two different mass generation mechanisms.
Stu¨ckelberg mechanism
In his seminal 1938 papers [157, 158], Stu¨ckelberg developed a method to write down a
gauge-invariant mass term for a vector field Xˆµ. Starting from the Lagrangian of a free
massive vector field
L = −1
4
XˆµνXˆ
µν − 1
2
M2XXˆµXˆ
µ , (2.36)
we can split off the longitudinal degree of freedom into a pseudo-scalar field σˆ via Xˆµ →
Xˆµ +
1
MX
∂µσˆ. Under this decomposition the vector field Lagrangian reads
L = −1
4
XˆµνXˆ
µν − 1
2
M2X
(
Xˆµ +
1
MX
∂µσˆ
)(
Xˆµ +
1
MX
∂µσˆ
)
. (2.37)
This Lagrangian can now be made gauge-invariant by imposing under a general gauge
transformation that the two fields transform as
δXˆµ = ∂µλ(x) , δσˆ = −MXλ(x) . (2.38)
It is worth noting that for λ(x) = λ, the pseudo-scalar is subject to an additional Peccei-
Quinn shift-symmetry. Therefore, σˆ is sometimes also called an axion.
If one fixes the gauge by adding the term
Lgf = − 1
2ξ
(∂µXˆ
µ + ξMX σˆ)
2 , (2.39)
the cross terms of Xˆµ and σˆ are eliminated and the two fields are fully decoupled [159].
The full Lagrangian can then be written as
L = −1
4
XˆµνXˆ
µν − 1
2
M2XXˆµXˆ
µ − 1
2ξ
(∂µXˆ
µ)2 − 1
2
∂µσˆ∂
µσˆ − ξM
2
X
2
σˆ2 . (2.40)
In this form, the Lagrangian is not only gauge-invariant under the transformations of
Eq. (2.38). Under addition of the appropriate ghost terms, the Stu¨ckelberg Lagrangian is
also guaranteed to be renormalizable and unitary [160]. This situation is indeed unique for
abelian gauge symmetries. There have been many attempts to generalize the Stu¨ckelberg
mechanism to non-abelian gauge theories, however, the trick of decoupling the longitudinal
mode of the vector field violates unitarity [161].
In the case of an extension of the SM, however, the Stu¨ckelberg mechanism is a minimal
way to give the new boson mass without the need of a Higgs field and an explicit symmetry
breaking [162]. As the Stu¨ckelberg mass is not induced by the VEV of a symmetry breaking
scalar, it is a priori a free parameter of the theory and is not subject to strong constraints
from the scalar sector.
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Higgs mechanism
In the SM, the electroweak bosons W± and Z receive their mass from a Higgs mecha-
nism via spontaneous symmetry breaking (SSB) of the electroweak symmetry SU(2)L ×
U(1)Y → U(1)QED. Once the Higgs acquires a VEV in the symmetry breaking phase, the
weak bosons develop a mass term from their coupling to the Higgs through the kinetic
term. On the other hand, as the SM Higgs is a color singlet, SU(3)C is not broken by the
Higgs VEV and the gluons stay exactly massless.
In the same spirit, if there is a new scalar field φ charged under the new U(1)X
symmetry, the associated boson Xˆµ can acquire mass via a Higgs mechanism. In order for
the scalar to acquire a VEV it needs a potential that allows for symmetry breaking. The
minimal choice is a complex scalar φ with a SM-like potential [163]
V (φ) = −µ′2|φ|2 + λ′|φ|4 . (2.41)
The symmetry breaking proceeds analogously to the SM such that the new scalar φ will
acquire a VEV f =
√
µ′2/λ. The new physical Higgs mode h′ will generate fluctuations
of the scalar field around this vacuum. Thus, we can consider fluctuations around the
vacuum by rewriting the complex scalar in unitary gauge as φ = (f +h′)/
√
2. The kinetic
term in this expansion reads
Lφ,kin = (Dµφ)∗Dµφ ⊃ g
2
x f
2
2
XˆµXˆ
µ . (2.42)
As expected, the Higgs mechanism generates a mass MX = gxf for the U(1)X gauge
boson that is proportional to the VEV of φ. Furthermore, SSB will generate a number of
interactions for the physical Higgs. In unitary gauge these read
Lint = M
2
X
f
h′XˆµXˆµ +
M2X
f2
h′2XˆµXˆµ − m
2
h′
2f
h′3 − m
2
h′
8f2
h′4 . (2.43)
In general, these interactions of h′ will open additional possibilities for testing such a
model. Depending on the relative size of the coupling constant gx to the quartic coupling
λ, the Higgs h′ can be lighter or heavier than the gauge boson Xˆµ. In particular in the
case that mh′ ≥ 2MX decays of the Higgs into two vector bosons would become possible
and might lead to observable consequences at collider experiments. On the other hand,
if mh′ < MX the Higgs could become (very) long-lived as it would have to decay via two
off-shell Xˆ bosons [164]. In addition, there might be a portal coupling of h′ to the SM
Higgs H as discussed in Section 2.2.1, which could lead to a much richer phenomenology.
Finally, the symmetry breaking scalar receives an effective fractional electric charge also
referred to as minicharge, which can lead to severe constraints in particular for very light
bosons (MX . MeV) [165].
2.3.3 Diagonalization of neutral boson mass matrix
When we were writing down the full Lagrangian for a kinetically mixed U(1)X in Eq. (2.32)
due to the presence of the kinetic mixing portal the kinetic terms of the U(1) bosons were
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not canonically normalized. If we want to calculate amplitudes for scattering processes in-
volving the boson fields in this basis, this will make the calculations very tedious. Starting
from the Lagrangian,
L = −1
4
BˆµνBˆ
µν − Y
2
BˆµνXˆ
µν − 1
4
XˆµνXˆ
µν − g1 jYµ Bˆµ − gx jxµXˆµ +
1
2
M2XXˆµXˆ
µ , (2.44)
we can go to a basis where all kinetic terms have the proper canonical normalization. We
can do this by performing a linear field redefinition of the U(1) gauge fields. This field
redefinition can be expressed as a GL(3,R) transformation G(Y ) on the space of the three
electroweak gauge bosons  BˆµWˆ 3µ
Xˆµ
 = G(Y )
BµW 3µ
Xµ
 , (2.45)
in which W 3µ denotes the third SU(2)L gauge boson, and one choice for the transformation
is given by
G(Y ) =

1 0 − Y√
1− 2Y
0 1 0
0 0
1√
1− 2Y
 . (2.46)
By virtue of this redefinition of the gauge fields the kinetic terms are now diagonal and
canonically normalized. However, this comes at the cost that the canonically normalized
field Xµ picks up a coupling to the hypercharge current j
Y
µ . Furthermore, the Xµ boson
will now mix into the Bµ mass terms. This leads to an off-diagonal mass for the three
neutral electroweak gauge bosons Bµ, W
3
µ , and Xµ. As we have argued in Section 2.3.1,
we expect the kinetic mixing parameter to be rather small Y  1. In the limit of small
Y , the mass matrix then reads
M2 = v
2
4

g21 −g1 g2 −g21Y
−g1 g2 g22 g1 g2 Y
−g21Y g1 g2Y
4M2X
v2
(1 + 2Y ) + g
2
1
2
Y
+O(3Y ), (2.47)
where g2 and g1 denote the SU(2)L and U(1)Y gauge couplings, respectively. This mass
matrix can be diagonalized through a combination of two block-diagonal rotations with
the weak mixing angle θw and an additional angle ξ. Performing these transformations,
we change to the mass eigenstates (Aµ, Zµ, Z
′
µ) of the three neutral electroweak bosons
with diagonal mass matrix R1(ξ)R2(θw)M2R2(θw)TR1(ξ)T = diag (M2A,M2Z ,M2Z′), with
the rotation matrices
R1(ξ)R2(θw) =
1 0 00 cos ξ sin ξ
0 − sin ξ cos ξ
  cos θw sin θw 0− sin θw cos θw 0
0 0 1
 . (2.48)
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Analogously to the SM, the Weinberg angle in this case is defined by the relation
tan θw =
g1
g2
. (2.49)
In the second rotation, only the lower right 2× 2 block of the mass matrix is non-diagonal
and has to be transformed. If we define the coupling
gZ =
g1
sin θw
=
g2
cos θw
=
√
g21 + g
2
2 , (2.50)
the remaining non-diagonal block gets diagonalized for
tan 2ξ =
2 sin θwY
1− sin θ2w2Y − 4M
2
X
g2Zv
2 (1 + 
2
Y )
. (2.51)
After the full diagonalization procedure we find the mass eigenvalues in terms of the
rotation angles θw and ξ as
M2A = 0 , M
2
Z/Z′ =
g2Zv
2
4
[
1− sin θwY
tan 2ξ
(
1±
√
1 + tan2(2ξ)
)]
. (2.52)
The photon stays exactly massless as it corresponds to the gauge boson of the unbroken
U(1)QED. In the SM, the mass of the Z is given by M
SM
Z = gZ v/2. From Eq. (2.52) we
see that this relation gets corrected by the second term in the square brackets. However,
we demand that the mass of the physical Z stays compatible with its experimentally
determined value from e.g. LEP measurements [166]. This leads in general to quite strong
constraints on Z − Z ′ mixing [167,168].
2.3.4 Origin of flavor-changing neutral currents
In our discussion of the gauge current Eq. (2.33), we have not specified the structure of the
fermion charges. In particular, if (some of) the SM quarks and leptons are charged under
the new U(1)X symmetry, their charges can a priori differ across generations. Consider
for example a family of n same-type fermions ψi charged under U(1)X . In the gauge basis,
they will contribute to the gauge current as
jxµ ⊃
∑
i
ψ¯iL γµQ
ψ
i,L ψiL + ψ¯iR γµQ
ψ
i,R ψiR , (2.53)
where Qψi,L and Q
ψ
i,R are the elements of the diagonal charge matrices in flavor space. The
gauge eigenstates are linked to their corresponding mass eigenstates via unitary transfor-
mations,
fαL = V
ψ
L,αi ψiL , fαR = V
ψ
R,αi ψiR . (2.54)
The gauge current Eq. (2.53) translated into the mass basis via these transformations
reads
jxµ ⊃
∑
α,β
f¯αL γµQ
f
αβ,L fβL + f¯αR γµQ
f
αβ,R fβR , (2.55)
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where
QfL = V
ψ
L Q
ψ
L V
ψ†
L , Q
f
R = V
ψ
R Q
ψ
R V
ψ†
R . (2.56)
If the charge matrices Qψ in the gauge basis are not proportional to the unit matrix, the
charge matrices of the mass eigenstates Eq. (2.56) will not be diagonal, i.e. Qfαβ 6= 0 for
α 6= β.
For a model in which SM quarks and/or leptons are charged under U(1)X with fla-
vor non-universal charges this will introduce flavor-changing neutral currents (FCNCs)
amongst the corresponding mass eigenstates. In this case, the CKM and PMNS mixing
matrices are given by
V CKM = V uL V
d†
L , V
PMNS = V νLV
e†
L . (2.57)
These two matrices determine the mixing of quarks and leptons in weak charge currents
(CC) and are experimentally accessible (cf. e.g. [13, 169] for recent reviews). The unitary
transformation matrices V fL and V
f
R , however, do not feature in any observables and
are therefore not measurable. In turn, this means that even if we have knowledge of
the (flavor non-universal) quark and lepton charges under U(1)X , the model additionally
needs to predict the transformation matrices V fL and V
f
R in order to determine the flavor
off-diagonal charge matrices QfL and Q
f
R for the mass eigenstates.
2.4 Summary
Let us briefly summarize what we have achieved in this chapter. We started out from the
general question of how we can construct models of new physics by consistently extending
the SM in a bottom-up approach. Relying on the principles of renormalizability and
gauge invariance, we saw that operators of mass dimension δi ≤ 4 play a special role
in constructing consistent theories of new physics. After identifying the three portal
interactions (Higgs, neutrino and vector portal) which are strictly of mass dimension four,
we used the fact that the vector portal motivates the presence of a new abelian gauge
symmetry to study general models of extra U(1) symmetries. In our discussion of such
models we have been agnostic about the origin of such a new symmetry and hence have
not specified the interactions of the associated gauge boson or the mechanism by which it
acquires mass. In particular, we have also allowed for SM fields to be charged under the
new symmetry.
In order to develop a global picture of the implications of an extra U(1) symmetry,
we want to consider different realizations of such U(1) models and focus on different phe-
nomenological aspects in the following chapters. First, we will consider the impact of
flavor-changing couplings of an effective heavy U(1) gauge boson in Chapter 3. In Chap-
ter 4, we will investigate the possibility that instead of introducing a new symmetry ad hoc
one of the four anomaly-free symmetries of the SM, U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ or
U(1)B−L, is gauged. Finally, we will study the DM properties of U(1) symmetries in Chap-
ter 5 for the example of a vector-like fermion χ charged under a gauged U(1)Lµ−Lτ sym-
metry.
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Chapter 3
Flavor violation in a
phenomenological Z ′ model
The contents of this chapter and the related Appendix A correspond to work done incollaboration with J. Jaeckel (Heidelberg U.) and are published as Ref. [170]. In this
work, we reinterpreted ATLAS limits on a sequential standard model Z ′ from a resonance
search in flavor-violating dilepton final states. The author was responsible for the numer-
ical implementation of the Monte Carlo simulations required for the reinterpretation. In
particular, the credit for the derivation of the muon decay limits is entirely entitled to J.
Jaeckel. Nearly all the results in this chapter, including the plots and tables as well as a
significant part of the text, are identical to those in the publication.
3.1 Introduction
A large class of BSM theories contains extended gauge sectors leading to the presence of
extra gauge bosons. The fact that these bosons have so far escaped detection requires them
to be either very weakly coupled to the SM, heavy, or both. If these bosons are massive, the
extended gauge group has to be broken at some scale Λ. Typically, the breaking of these
extended gauge sectors leads to the presence of extra U(1) symmetries in the low-energy
theory. Depending on the representations under which the fermions transform under the
full gauge group, the remnant extra U(1) symmetry can have flavor-specific interactions.
Scenarios with extended gauge sectors have traditionally been studied in the context of
gauge coupling unification in GUTs. The motivations that lead to the development of the
original SU(5) GUT1 [172] – the minimal simple group that can contain the full SM group
– were the inability of the SM to unify the three fundamental interactions, the presence of
the hand-crafted three generations of fermions and the large set of free parameters of the
SM. The failure of the minimal SU(5) GUT to predict the correct proton lifetime τp and
Weinberg angle θW [173] lead to an increased interest in supersymmetric GUTs. In this
1Note that historically the first grand unified theory was the SU(4)C × SU(2)L × SU(2)R Pati-Salam
model [171] in which all left-handed fermion fields are unified in one (4,2,1) representation and all right-
handed ones in a (4,1,2), respectively. However, as the group is not simple it does not lead to gauge
coupling unification.
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context, especially GUTs with an effective E6 gauge group rejoiced from a strong interest
after it had been shown that heterotic supersymmetric string theory with an E8 × E8
gauge group is anomaly-free [174]. The reason for this interest was the fact that E8 can be
broken to an effective E6 by compactification of the additional 6 dimensions. The effective
E6 gauge group can account for chiral fermions and can be further broken down in the
cascade [175]
E6 → SO(10)× U(1)ψ → (SU(5)× U(1)χ)× U(1)ψ , (3.1)
where the rank-four SU(5) factor contains the SM gauge group. Thus, one obtains two
additional effective U(1) gauge factors from the breaking of E6. However, in many models
it is assumed that only one of the corresponding gauge bosons Z ′ is relevant at low energy
scales [176–179].
Alternatively, an additional U(1) symmetry could be the remnant of a solution to the
still unsolved question of the origin of the flavor structure of the SM. Indeed, one of the
earliest approaches towards an explanation of Yukawa coupling patterns and the family
structure of the SM fermions was the introduction of so-called horizontal or gauged flavor
symmetries [180–185]. For example, the different copies of up- and down-type quarks,
charged leptons and neutrinos can transform in a multiplet representation under a new
horizontal SU(2) symmetry group. Such a gauged flavor group could be broken down
to a U(1) subgroup. Under appropriate charge assignments, the U(1) could function as
the flavor group itself. The breaking of such symmetries generally leads to the emergence
of new massive gauge bosons mediating FCNCs. In such scenarios, care has to be taken
in that the magnitude of such an effect does not violate experimental constraints [186].
Nevertheless, gauged flavor models have been enjoying a renewed popularity [187, 188].
Especially, the case of a new U(1) gauge symmetry has been extensively studied in the
past (see Refs. [189, 190] for reviews). The charge assignment of the fermions determines
the coupling structure of the associated massive Z ′. As analyzed in Section 2.3.4, family
non-universal U(1) charges can induce FCNCs due to the rotation to the mass basis
of the fermions. In the literature, such flavor-violating interactions have been partially
investigated, for example, in the context of the flavor anomalies RD(?) and RK(?) [191,192].
In this chapter, however, we want to study such flavor-violating Z ′ couplings to quarks
and leptons in a systematic way. In this case severe constraints arise from precision tests
of FCNCs, in particular on mesons. Yet we will see that there are still interesting areas of
parameter space that can be probed with direct production at the LHC and “non-flavored”
measurements such as (g − 2).
In this study we rely on the purely phenomenological approach of extending the SM by
a neutral massive Z ′ boson, which is possibly the remnant of a broken gauge symmetry,
with the simplest possibility being an U(1) group2. Not specifying any underlying gauge
structure, we consider models with exclusively flavor-changing couplings, one in the quark
and one in the lepton sector. This is parametrized by the effective Lagrangian
LZ′ = q¯ γµ [gLqq′ PL + gRqq′ PR] q′ Z ′µ + ¯`γµ [gL``′ PL + gR``′ PR] `′ Z ′µ + h.c. , (3.2)
2In the following we do not take care of anomalies. For our simple phenomenological considerations we
implicitly assume that anomalies will be canceled in an underlying complete model.
22
3.2. Flavor violation complementarity at the LHC
with q 6= q′ and ` 6= `′. Here, gLqq′ , gRqq′ , gL``′ and gR``′ are the effective left- and right-handed
flavor-changing couplings in the quark and in the lepton sector. Purely flavor-changing
interactions provide a simple but interesting test case. On the one hand, they provide
a maximally flavor-changing effect. On the other hand, they are often more difficult to
detect. For example, if the quark part of the interaction involves a b- and an s-quark,
production at proton colliders like the LHC requires reliance on the sea-quarks in the
protons which are less abundant3. Similarly, at LEP simple s-channel production of Z ′
bosons via the lepton couplings is not possible as the initial state is not flavored.
The aim of this study is to identify powerful probes of the interplay of such prototypic
purely flavor-violating interactions in both the quark and the lepton sector. This will be
done in a comprehensive way by studying the constraining power of different flavored and
non-flavored observables on all combinations of quark and lepton flavor transitions. In this
analysis, a special emphasis will be put on the complementarity of LHC resonance searches
in flavor-violating dilepton final states compared to classical probes of flavor-violation like
semi-hadronic meson decays and meson oscillations.
The remainder of this chapter is organized as follows: In Section 3.2 we will give a de-
tailed account of the LHC resonance searches as probes for flavor-violation. In Section 3.3,
we will discuss a large set of observables constraining these types of flavor-violating inter-
actions in the quark and/or lepton sector. In Section 3.4, we will present the results of our
analysis and discuss our findings. Finally, we will draw some conclusions in Section 3.5.
3.2 Flavor violation complementarity at the LHC
When studying flavor-violation, the typical standard probes to take into account are flavor
and electroweak precision experiments (see Section 3.3). One main goal of this study is
to explore the complementarity of these standard tests with LHC resonance searches in
flavored neutral dilepton channels in the context of a flavor-changing Z ′ boson.
In a previous study [193], Davidson et al. have investigated flavor violation at mul-
tipurpose detectors at the LHC in an EFT approach in four-quark contact interactions,
which are the low-energy residue from new physics at a high scale Λ  MW . For this
purpose the coefficients of an almost complete basis of four-quark contact interaction oper-
ators have been constrained by LHC dijet searches. The basis under study also contained
quark flavor-violating operators, which are of the type
OXYminj = (q¯m γµ PX qi)(q¯n γµ PY qj) , (3.3)
where X,Y ∈ {L,R} and m, i, n, j denote flavor indices.
The models considered in this chapter, however, are concerned with combined lepton
and quark flavor violation. While the effective operators of Eq. (3.3) will also be generated
by these models, additional contact interaction of quarks and leptons of the type
OXYijkl = (q¯i γµ PX qj)(¯`kγµ PY `l) , (3.4)
3This is also the reason why we do not consider interactions involving t-quarks. The corresponding
limits are much weaker.
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will arise. In our phenomenological model, such operators are generated from a Z ′-
exchange q¯iqj → Z ′ → ¯`k`l. In the following, we hence want to reinterpret an existing
ATLAS analysis of heavy neutral resonances decaying to eµ, eτ or µτ [194] in the light of
our flavor-violating Z ′ model.
3.2.1 Reinterpretation of ATLAS dilepton resonance search
As in our phenomenological model we have knowledge of the underlying Lagrangian
Eq. (3.2), we can directly work in this model basis and do not have to consider con-
tact interactions for the LHC processes. In order to constrain the relevant couplings gqq′
and g``′ , we first need an expression for the corresponding cross section within our model.
Introducing the non-chiral reduced coupling
g¯ =
√
g2L + g
2
R
2
, (3.5)
we can derive an approximate expression for the scaling of the tree-level cross section of
the process qq′ → Z ′ → ``′ as
σ(s) ≈ 1
3
s
M4Z′
g¯2qq′ g¯
2
``′
3 g¯2qq′ + g¯
2
``′
. (3.6)
This expression accurately estimates the tree-level cross section at the parton level. Un-
fortunately, the parton-level cross section is not directly accessible at the LHC. Apart
from higher order corrections, we have to take into account parton distribution functions
(PDFs) and hadronization, as the LHC is a hadron collider. Moreover, the observable
cross section will also be affected by a number of detector effects like finite resolution,
mistags, acceptance, etc..
Our approach to incorporate all these effects is quite straight forward. For a given com-
bination {qq′, ``′} of flavor-violating interactions we determine the total cross section σMC
for the process pp → Z ′ → ``′ from Monte Carlo simulations. By virtue of the approxi-
mate cross section scaling Eq. (3.6) we can turn the corresponding ATLAS limit on the
cross section σlim into a limit on the couplings. Taking the ratio σMC/σlim allows us to
derive an approximate limit on the off-diagonal quark coupling g¯qq′ as a function of the
lepton coupling g¯``′ according to
4
|g¯qq′ | ≤
[
σMC
σlim
3 + r2
r2 g¯2qq′,MC
− 3
g¯2``′
]− 1
2
, (3.8)
4Note that Eq. (3.8) has a pole for
g¯2``′ =
σlim
σMC
3 r2 g¯2qq′,MC
3 + r2
. (3.7)
This simply indicates that for values of g¯``′ close to this pole the lepton coupling is so weak that even for
a very large value of the quark coupling g¯qq′ the signal cannot be distinguished from background, i.e. the
process is unobservable at the LHC.
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where g¯qq′,MC and g¯``′,MC denote the values of the reduced couplings we used in our simu-
lation and their ratio is defined as
r =
g¯``′,MC
g¯qq′,MC
. (3.9)
In defining the ratios of left- to right-handed couplings
ρq ≡
gLqq′
gRqq′
, ρ` ≡ g
L
``′
gR``′
, (3.10)
we always can express the derived bounds as limits in terms of the right-handed coupling
gR and the corresponding ratio ρ to the left-handed coupling. We want to point out,
however, that in our analysis we always assumed exclusively right-handed lepton couplings
and indicated effects from left-handed couplings by dotted lines in the exclusion plots
in Figs. 3.14 to 3.16.
With these definitions the limit on the quark couplings from Eq. (3.8) as a function of
the reduced lepton coupling g¯``′ reads
gRqq′(MZ′ , ρq, g¯``′) .
√
2
1 + ρ2q
×
[
σMC(MZ′)
σlim(MZ′)
3 + r2
r2 g¯2
− 3
g¯2``′
]− 1
2
. (3.11)
Let us now describe the three-step process by which we have estimated the cross section
σMC, necessary for the limit determination from Eq. (3.8).
• Having implemented our model in Feynrules [195] we can calculate the tree-level
leading order (LO) cross section σLO for pp → Z ′ → ``′ with MadGraph5 v2.3.3
[196]. This way we incorporate PDF effects into our estimate.
• Next, we take into account next-to-next-to leading order (NNLO) effects by deter-
mining a mass-dependent K-factor. For this purpose, we make use of the NNLO
cross sections, which have been provided for a Z ′ of the Sequential Standard Model
(SSM) in the auxiliary material of the ATLAS study [194]. By calculating the LO
cross section for the SSM Z ′ with Pythia v8.215 [197], we can determine the values
of the K-factor from the ratio to the ATLAS NNLO results
K(MZ′) =
σNNLO(MZ′)
σLO(MZ′)
. (3.12)
For completeness, the correspondingly determined values that we used for our anal-
ysis are summarized in Appendix A.2 in Table A.1.
• Finally, we need to determine an effective mass-dependent acceptance times efficiency
A× . We estimate A×  from the ratio of the number of events that survived the
detector plus analysis cuts in the ATALS study to the expected total number of
events at NNLO
[A× ](MZ′) = Nsurvive(MZ
′)
NNNLO(MZ′)
. (3.13)
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Figure 3.1: (Left) Observed exclusion limits on the branching fraction times cross section
in the eµ channel [194]. The limits have been extrapolated down to masses of 200 GeV
by applying a constant continuation. (Right) The blue curve shows the exclusion limits
on the branching fraction times cross section at
√
s = 8 TeV given in Ref. [194]. The
black curve shows the limit of Ref. [199] derived at
√
s = 13 TeV with 3.2 fb−1 of data.
The green curve depicts the 8 TeV limit rescaled to the 13 TeV luminosity. The order of
magnitude agreement between this curve and the 13 TeV limit in this region indicate that
our luminosity rescaling is sensible. Figure taken from [170].
The number of events at NNLO NNNLO = σNNLO ×
∫
dtL is simply obtained from
multiplying the cross section by the integrated luminosity. The numerical values of
the determined acceptance times efficiency we used in our analysis can be found in
Appendix A.2 in Table A.2.
In summary, the total observable cross section at the LHC for the process pp→ Z ′ → ``′
can be estimated by
σMC = σLO ×K × [A× ] . (3.14)
In this work, we have derived these limits from the ATLAS resonance search in flavor-
violating dilepton final states for Z ′ masses in the range of 200 GeV to 3 TeV and for flavor-
violating coupling combinations qq′ ∈ {sd, bs, bd, cu} and ``′ ∈ {eµ, eτ, µτ}. In Section 3.4
an example exclusion plot for each flavor combination is given for a benchmark scenario of a
Z ′ boson with MZ′ = 1 TeV. The entire set of exclusion plots for all coupling combinations
and Z ′ masses produced in this work can be found at the URL in [198].
In deriving these limits, we have performed an optimistic extrapolation of the ATLAS
limits for Z ′ bosons masses below 500 GeV. As shown in the left panel of Fig. 3.1, we
assume a constant continuation of the ATLAS limits down to masses of MZ′ = 200 GeV.
This appears to be justified as the resonance search under consideration was designed for
heavy mediators [194]. The main reason why the Z ′ limits are usually not derived for
masses below ∼ 500 GeV are the huge SM backgrounds (cf. invariant mass distributions
in [194, 200, 201]). However, it might be hoped that a dedicated analysis in the low-mass
region could yield better limits than the extrapolation of Fig. 3.1.
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Furthermore, in our analysis we have projected the limits deduced at
√
s = 8 TeV and
20.3 fb−1 of data to a Run 2 scenario (LHC Run II) of
√
s = 13 TeV and 100 fb−1 and a
high luminosity scenario (HL-LHC) of
√
s = 13 TeV and 3000 fb−1. Therefore, we have
rescaled the exclusion limits on the cross section by the respective luminosities
σ
(13)
lim =
√ ∫
dt L8∫
dt L13
σ
(8)
lim , (3.15)
assuming that the scaling of the limits is only due to statistics. As a cross-check for this
prescription to work, we have compared luminosity-rescaled limits from the ATLAS 8 TeV
analysis to first limits obtained by ATLAS5 at
√
s = 13 TeV with 3.2 fb−1 of data in the
eµ-channel [199]. As shown in the right panel of Fig. 3.1, this method seems to give
sufficiently accurate results for the purpose of a rough projection.
In Section 3.4, we show the limits derived from reinterpreting the ATLAS analysis [194]
as just described as red areas in the exclusion plots in Figs. 3.14 to 3.16. The projections
to the LHC Run II scenario are illustrated by the red dash-dotted lines and the projections
to the HL-LHC scenario by the red dotted lines.
3.3 Constraints
The central goal of this chapter is to identify sensitive probes for all possible combina-
tions of simultaneous quark and lepton flavor violation. In this context, we want to asses
in particular the sensitivity of resonance searches with multipurpose experiments at the
LHC compared to more traditional probes of flavor violation. Therefore, we want to give
a detailed account in the following section of the large set of flavored and non-flavored
observables that constrain our model Eq. (3.2). We will first discuss pure quark-sector con-
straints from meson mixing before considering mixed quark- and lepton-sector constraints
from meson decays into charged leptons and neutrinos. Finally, we will analyze pure
lepton-sector constraints coming from lepton decays, muonium oscillations, LEP searches
and anomalous magnetic moment measurements.
3.3.1 Meson mixing
One of the strongest probes for flavor violation in the quark sector is provided by meson
mixing, where a meson M oscillates into its conjugate state M. The meson oscillation
processes require FCNCs. These processes are strongly suppressed within the SM as they
are only mediated via electroweak loop-processes and the corresponding matrix elements
are very small. This makes meson mixing very sensitive to new physics featuring quark
flavor-changing couplings. In the model under consideration in this chapter meson mixing
arises at tree level via Z ′ exchange from the diagrams shown in Fig. 3.2.
5Notice that after the original publication of the results presented in this chapter, both ATLAS [200]
and CMS [201] have performed dedicated resonance searches in all three lepton flavor violating final states
eµ, eτ and µτ at
√
s = 13 TeV.
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Figure 3.2: Tree-level meson mixing via Z ′.
An appropriate observable to test flavor violation is the mass splitting ∆MM of the
conjugate meson states. As ∆MM is given by the real part of the transition matrix element
M12 of the meson oscillation process,
∆MM = 2 Re(M12) ∝ g2qq′ , (3.16)
it is directly proportional to the square of the flavor-violating coupling gqq′ and hence very
sensitive to Z ′-induced flavor violation.
Meson mixing is a low-energy effect, which makes it suitable for investigation in an
EFT framework. In this spirit we follow Ref. [202] and investigate the Z ′ effects on meson
mixing in an EFT approach, where we integrate out the Z ′ at the high scale µin ∼ MZ′ .
The resulting four-quark operators describing the low-energy phenomenology of the Z ′-
induced FCNCs are given by [202,203]6
OVLL1 = (q¯ γµPL q′)(q¯ γµPL q′) , (3.17)
OVRR1 = (q¯ γµPR q′)(q¯ γµPR q′) , (3.18)
OLR1 = (q¯ γµPL q′)(q¯′ γµPR q′) , (3.19)
OLR2 = (q¯ PL q′)(q¯′ PR q′) . (3.20)
After matching the operators of Eqs. (3.17) to (3.20) to the full theory we find the
corresponding Wilson coefficients at the high scale µin. With the off-diagonal transition
matrix element given in an effective Hamiltonian framework by M∗12 = 〈M|H∆S=2eff |M〉,
we find for the mass splitting [202]7
∆MNPM =
MM f2M
3
(
gRqq′
)2
M2Z′
[
RVLL1 (µ)P
VLL
1 (1 + ρ
2
q) +
(
RLR1 (µ)P
LR
1 +R
LR
2 (µ)P
LR
2
)
ρq
]
,
(3.21)
where the Pi denote the hadronic matrix elements corresponding to the operators Oi. We
calculate the hadronic matrix elements for K,Bd and Bs mesons mainly from the relations
given in Refs. [202, 203] and the lattice bag parameters from quenched QCD calculations
given in [204, 205]. For D mesons we rely on the relations given in Ref. [206]. The Ri(µ)
6It should be noted that the operator OLR2 is generated only through operator mixing due to QCD-loop
effects in the renormalization group evolution of the operators from the high to the low scale.
7We use PVLL1 = P
VRR
1 to simplify the expression.
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are the renormalization group evolution coefficients encoding the running of the operators
Oi due to NLO QCD effects. They are normalized such that Ri(µin) = 1 at the scale µin
where the Z ′ is integrated out. The coefficients are given by [202]
RVLL1 (µ) = R
VRR
1 (µ) = 1 +
αs
4pi
(
11
3
− 2 log M
2
Z′
µ2
)
, (3.22)
RLR1 (µ) = 1−
αs
4pi
(
1
6
+ log
M2Z′
µ2
)
, (3.23)
RLR2 (µ) = −
αs
4pi
(
1 + 6 log
M2Z′
µ2
)
. (3.24)
Finally, we can use Eq. (3.21) to constrain the coupling gRqq′ by knowledge of the observed
meson mass splitting ∆MM. We can derive a stringent limit from constraining the Z ′
contribution to the mass splitting to be smaller than the maximally allowed deviation
between the measured value and the SM prediction,
∆MNPM < ∆M
obs
M −∆MSMM . (3.25)
In our analysis, we use the measured values of the meson mass splittings provided by the
UTfit collaboration [207] to set our limit.
Cancellation
The strategy discussed in the last section to constrain the flavor-violating quark-sector
couplings gRqq′ will in general lead to stringent bounds on the Z
′ parameter space However,
there is an important subtlety to these considerations that alters the picture just enough
to serve as motivation for a search of Z ′ induced FCNCs with multipurpose experiments
at the LHC. The term in brackets in Eq. (3.21) is a quadratic form in the parameter ρq.
Thus, if the discriminant
∆ =
(
RLR1 (µ)P
LR
1 +R
LR
2 (µ)P
LR
2
)2 − 4 RVLL1 (µ)PVLL1 (RLR1 (µ)PLR1 +RLR2 (µ)PLR2 ) ,
(3.26)
is greater than zero, the quadratic form has two solutions ρ0 for which the mass splitting
due to Z ′ exchange vanishes exactly. In turn, this means that for a ratio ρ0 of left- to
right-handed couplings, the meson mass splitting is not sensitive to the flavor-violating
couplings at all. In this work, we will always only consider the solution that has mostly
right-handed couplings as an example. The second solution is simply given by 1/ρ0 and
has essentially the same behavior.
In this chapter, we are interested in comparing flavor bounds on the Z ′ couplings to
the collider bounds from the dilepton ATLAS search. Therefore, we define an upper and
lower tolerance ∆ρ− and ∆ρ+, such that the mixing limit on the coupling glimqq′ in the
interval [ρ0 −∆ρ−, ρ0 + ∆ρ+] enveloping the cancellation point ρ0 is less stringent than
a reference value g∗, i.e.
∀ ρq ∈ I0 := [ρ0 −∆ρ−, ρ0 + ∆ρ+] : glimqq′ (ρq) ≥ g∗ . (3.27)
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With this definition we can find an interval I0 enveloping the cancellation solution ρ0,
where the limit due to meson mixing is subdominant compared to the strongest bound
g∗ = min(gcolqq′) we can set from the ATLAS search across the entire Z
′ mass range.
So far, our treatment of the cancellation in meson mixing has been restricted to tree-
level effects only. However, we have to ensure that these effects persist at higher orders.
Therefore, we have to investigate the impact of one-loop corrections on the cancellation
solution ρ0 and the associated tolerance interval I0. We leave the discussion of higher-order
corrections for Appendix A.1 and only briefly comment on our results. We find that the
cancellation solution ρ0 and the interval I0 both receive an overall shift δρ at the one-loop
level. However, this shift is negligible in the sense that δρ < ρ0 in the region of parameter
space that is probed by the ATLAS analysis. Hence, higher-order effects do not destroy
the leading-order cancellation effect and in the tolerance intervals I0 the limit from meson
mixing is subdominant.
In our analysis of the constraints on flavor-violation for the different Z ′ coupling com-
binations, we will make use of the previous discussion and always focus on the region of
parameter space where cancellation in the Z ′ contribution to meson mixing occurs. Hence,
all the exclusion plots we show in Figs. 3.14 to 3.16 in Section 3.4.1 show the limits for the
ratio ρ0 of left- to right-handed quark couplings, where limits from meson mixing exactly
vanish.
3.3.2 Meson decays
Another process in the meson sector that directly constrains our model is rare neutral
meson decay M0 → `+`′−, where M0 can be the K,D,Bd or Bs meson. As these decays
involve two flavor-changing vertices they are highly suppressed in the SM, whereas they
are generated at tree level in our Z ′ model. As these decays are low-energy processes, it
is once more convenient to perform the analysis in an EFT framework. In analogy to our
treatment of meson mixing in the last section, from the Lagrangian in Eq. (3.2) we can
immediately construct the relevant four-fermion operators [208]
O1 = (¯`γµ PL `′)(q¯ γµ PL q′) , O6 = O1(L↔ R) , (3.28)
O2 = (¯`γµ PR `′)(q¯ γµ PL q′) , O7 = O2(L↔ R) , (3.29)
with corresponding Wilson coefficients
C1 =
gL``′ g
L
qq′
M2Z′
, C2 =
gR``′ g
L
qq′
M2Z′
, C6 =
gR``′ g
R
qq′
M2Z′
, C7 =
gL``′ g
R
qq′
M2Z′
. (3.30)
With knowledge of the relevant operators and their associated Wilson coefficients we can
calculate the branching ratio BR(M0 → `+`′−) for the different mesons [208,209]
BR(M0 → `+`′−) =f
2
M0 MM0 m
2
`
32pi ΓM0 M4Z′
(
1− m
2
`
M2M0
)2
(gL``′ − gR``′)2
(
gLqq′ − gRqq′
)2
, (3.31)
where fM0 ,MM0 and ΓM0 are the decay constant, the mass and the total width of the
decaying meson. Furthermore, we assume that ` is the heavier of the two leptons and
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neglect the mass of the lighter one. Of course, these decays are only possible if the mass
of the meson is bigger than the combined mass of the two final-state leptons. Based on
Eq. (3.31) we can derive a limit on the Z ′ coupling given by
|gRqq′ | ≤
32pi BR(M0 → `+`′−) ΓM0 M4Z′
MM0 f2M0 m
2
`
(
1− m2`
M2M0
)2

1
2
1
gR``′ |1− ρ`| |1− ρq|
, (3.32)
where we have made use of the relations in Eq. (3.10).
In the exclusion plots in Figs. 3.14 to 3.16, the corresponding meson decay limits are
depicted by the green areas. The constraining power of the meson decay limits is due to
the fact that the matrix element is proportional to the product of quark- and lepton-sector
couplings gqq′ g``′ . Therefore, meson decays can probe regions in parameter space where
one of the two coupling is very small while the other one is big, a region hard to probe
with ATLAS. However, the ATLAS limits are generally more stringent in the region of
parameter space where both couplings become small but comparable in size. With Run II
or HL-LHC data, improvements of the meson decay limits can mainly be expect in that
region of parameter space.
3.3.3 Neutrino limits
It seems reasonable that an extension of the SM should preserve the SU(2)L gauge sym-
metry at high energies. In turn, this means for our effective model that the Z ′ gauge boson
should couple to the quark and lepton doublets QL and LL, if left-handed couplings are
present. In this scenario, the Z ′ couples to the neutrinos νi and νj with equal strength
gL`i`j as to the left-handed charged leptons `i and `j . The coupling to neutrinos opens up
a new class of constraints to such a model. Especially, meson decays featuring neutrino
final states likeM0,±1 →M0,±2 ν¯ ν can be a sensitive probe for the presence of left-handed
lepton flavor-violating Z ′ couplings.
In this section, we will investigate the impact of such decays of the different neutral
mesons on our model. In particular, we consider decays of kaons and B-mesons. The
corresponding measurements in the D-meson sector are not (very) restricting and hence
are not discussed.
Kaons
In the case of non-zero Z ′-couplings to the first two generations of quarks, we can constrain
the left-handed lepton couplings from the kaon decay K+ → pi+νν¯. In order to extract a
constraint on gL`i`j , we will calculate the branching ratio BR(K
+ → pi+νν¯) in the following.
For a detailed derivation of this branching ratio we refer the reader to [210].
Within the SM the leading-order contributions to this decay are due to electroweak
loop-processes shown in the upper panels of Fig. 3.3. Being at the one-loop level, we
expect the SM contribution to these decays to be rather small. In the flavor-violating Z ′
model such a decay can already arise at tree level as shown in the lower panel of Fig. 3.3.
Hence, the Z ′-mediated process can potentially give a sizable contribution to the branching
fraction of this decay. In order to quantify the magnitude of the Z ′ contribution, we will
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Figure 3.3: (Upper panels) Leading order SM contributions to the decay K+ → pi+νν¯.
(Lower panel) Leading order Z ′ contribution to the decay K+ → pi+νν¯.
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Figure 3.4: Decay K+ → pi0 e+ νe in the SM.
again calculate the corresponding amplitudes in an EFT approach. Adopting the notation
of Ref. [210], where (s¯d)V±A ≡ s¯γµ(1± γ5)d, the relevant operators for this process in the
low-energy theory read
OLK0 = (s¯d)V−A (ν¯iνj)V−A , ORK0 = (s¯d)V+A (ν¯iνj)V−A , (3.33)
with their corresponding matched Wilson coefficients
CLK0 =
gLsd g
L
`i`j
4M2Z′
, CRK0 =
gRsd g
L
`i`j
4M2Z′
. (3.34)
If we want to calculate the relevant matrix element for this process, we require knowledge
of the corresponding hadronic matrix element 〈pi+|(s¯d)|K+〉. By use of isospin symme-
try [210], we are able to extract the hadronic matrix element for (s¯d)V−A from the decay
K+ → pi0 e+ νe shown in Fig. 3.4,
〈pi+|(s¯d)V−A|K+〉 =
√
2 〈pi0|(s¯u)V±A|K+〉 . (3.35)
Additionally we take the hadronic matrix elements of the left- and right-handed currents
to be equal [211]. As the kaon decay is governed entirely by QCD, it should be independent
of the underlying chirality structure. The corresponding effective operator relevant for the
process in Fig. 3.4 reads
OLK+ = (s¯u)V−A (ν¯ee)V−A , (3.36)
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and the associated Wilson coefficient is given by
CLK+ =
GF√
2
V ∗us , (3.37)
where we have denoted the us-element of the CKM matrix by Vus. If we now further
assume the positron in the process of Fig. 3.4 to be massless, we can assume equality
of the leptonic matrix elements 〈ν¯ee+|(ν¯ee+)V−A|0〉 = 〈ν¯iνj |(ν¯iνj)V−A|0〉. With these
simplifications, we can finally write the fraction of the branching ratios of the two processes
as
BR(K+ → pi+νν¯)
BR(K+ → pi0e+ν¯) =
( √
2 gL`i`j
4GF M2Z′
)2 ∣∣gLsd 〈pi+|(s¯d)V−A|K+〉+ gRsd 〈pi+|(s¯d)V+A|K+〉∣∣2
|V ∗us|2 |〈pi0|(s¯u)V−A|K+〉|2
(3.38)
=
gL
2
`i`j
gR
2
sd |1 + ρq|2
4 |V ∗us|2G2F M4Z′
, (3.39)
where in the second line we have assumed isospin symmetry (cf. Eq. (3.35)). To turn this
into a limit on gRsd we only consider the part of the branching fraction not explained by
the SM
BR(K+ → pi+νν¯)NP = BR(K+ → pi+νν¯)exp − BR(K+ → pi+νν¯)SM , (3.40)
where we used for our analysis
BR(K+ → pi+νν¯)exp = (1.73+1.15−1.05)× 10−10 , (cf. Ref. [212]) , (3.41)
BR(K+ → pi+νν¯)SM = (9.1± 0.7)× 10−11 , (cf. Ref. [213]) . (3.42)
Finally, we obtain the constraint on the sd flavor-changing Z ′ coupling to be given by
|gRsd| ≤
2 |Vus|GF M2Z′
|gL`i`j | |1 + ρq|
[
BR(K+ → pi+νν¯)NP
BR(K+ → pi0e+ν¯)
] 1
2
. (3.43)
The resulting limits on the Z ′ couplings are depicted by the black dotted lines in the
lower left panels in Figs. 3.14 to 3.16 in Section 3.4.1. The neutrino limits in the kaon
sector are quite strong and as the limits from decays into charged leptons discussed in the
previous section constrain the product gqq′g``′ . Especially in the eτ and µτ sector, the
neutrino limits from kaon decay exclude all regions of parameter space that can be hoped
to be tested with multipurpose experiments at the LHC. However, as mentioned in the
beginning of this section, the neutrino limits are only valid if we take the lepton couplings
to be left-handed and can be fully circumvented by only considering right-handed lepton
couplings.
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Figure 3.5: (Left) Decay B0 → pi0 ν¯i νj mediated by the Z ′ boson. (Right) SM decay
B0 → pi− e+ νe mediated by the W boson.
B mesons
Our strategy to derive a limit on gbd from b→ dνν¯ transitions in B-meson decays is exactly
the same as for kaons in the previous section. However, in this case the process that is
induced through non-zero gbd and g`i`j couplings is B
0 → pi0 ν¯i νj . This is shown in the left
panel of Fig. 3.5. As in the case for the kaons we will extract the hadronic matrix element
from the related decay B0 → pi− e+ νe (shown in the right panel of Fig. 3.5) via isospin
symmetry. A limit on the coupling gbd can be derived from the fraction of the branching
ratios of the two B0 decays. With the PDG values [214] for the respective branching ratios
BR(B0 → pi0 ν¯ ν)lim < 6.9× 10−5 , (3.44)
BR(B0 → pi− e+ νe) = (1.45± 0.05)× 10−4 , (3.45)
we can then set a limit in analogy to Eq. (3.43)8
|gRbd| ≤
4 |Vub|GF M2Z′
|gL`i`j | |1 + ρq|
[
BR(B0 → pi0 ν¯ ν)lim
BR(B0 → pi− e+ νe)
] 1
2
. (3.46)
The transition b→ sνν¯ can be analogously constrained from the decay B+ → K+νν¯.
To extract a limit on the Z ′ coupling gbs in the presence of left-handed lepton couplings,
we will again need the Z ′ contribution to the branching ratio of this decay [215]. First, we
can parametrize any contribution to this process in an EFT approach by the two operators
OL/R
B0
= (s¯γµPL/Rb)(ν¯γ
µ(1− γ5)ν) . (3.47)
As for kaons, the leading-order SM contributions are coming from electroweak loop dia-
grams, which therefore are only involving left-handed fermions. The corresponding Wilson
coefficient for the SM contributions has been calculated in [215] to
CLSM = −
e2GF√
2pi2 sin(θW )2
Xt , Xt = 1.469± 0.017 , (3.48)
with θW denoting the Weinberg angle. The leading-order contribution coming from the
exchange of a Z ′ as shown in Fig. 3.6 yields the Wilson coefficients
C
L/R
Z′ =
2
√
2pi2 g
L/R
bs g
L
`i`j
e2 VtbV
∗
tsM
2
Z′
. (3.49)
8Since no detection of this process has been made and the resulting bounds are within regions that are
already excluded we simply use the experimental limit on the branching ratio for our estimate.
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Figure 3.6: Z ′ contribution to the decay B+ → K+νν¯.
Defining the differential branching fractions for the process as
d BR(B+ → K+νν¯)
dq2
≡ BK , (3.50)
one finds for the ratio [215]
RK = BKBSMK
= (1− 2η)2 , (3.51)
with the model-independent quantities
 =
√
|CL|2 + |CR|2
|CLSM|
, η =
−Re(CLCR∗)
|CL|2 + |CR|2 . (3.52)
From the constraint that RK ≤ 4.3 [215], we can derive a limit on the quark coupling as
|gRbs| ≤
α |VtbV ∗ts|
√
2RKM2Z′
pi(1 + ρq) |gL`i`j |
|CLSM| . (3.53)
The corresponding limits from B0 decays in the bd sector are depicted by the black
dotted lines in the upper right panels of Figs. 3.14 to 3.16. The limits fromB+ decays in the
bs sector are depicted by the black dotted lines in the upper left panels of Figs. 3.14 to 3.16.
As was the case for the limits due to kaons decaying into neutrinos, the corresponding
limits from B mesons are only valid if we allow for left- instead of right-handed lepton
couplings gL`i`j . The neutrino limits in the B-meson sector are not quite as strong as for
the kaons. Nevertheless, for the Bs meson (i.e. in the bs sector) the neutrino limits for
non-zero gLeτ and g
L
µτ coupling exclude close to all regions in parameter space testable at
ATLAS and CMS. For non-zero gLeµ coupling and generally for Bd mesons (i.e. in the bd
sector) the neutrino limits are comparable to those from meson decay into charged leptons.
Nevertheless, as can be seen from Figs. 3.14 to 3.16 in the direction of both small quark
and lepton couplings the ATLAS limits are more stringent.
3.3.4 Lepton decays
An important leptonic constraint which also involves neutrinos is due to charged lepton
decays. As for the meson decays to neutrinos, this constraint applies only to Z ′ bosons
with couplings to left-handed leptons. As this process involves only leptons, the limits
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Figure 3.7: Diagrams of the lepton decay `i → `j νi ν¯j . The same diagram also exists
for right-handed charged leptons and for the lepton flavor-violating decays `i → `j νj ν¯i,
where the neutrino flavors are interchanged.
only depend on the leptonic couplings and will therefore correspond to vertical lines in the
plots.
In the SM the decay `iL → `jL νiL ν¯jL is mediated by W boson exchange and does
not require flavor-violating couplings. According to the diagram in Fig. 3.7 in our model
there is, however, an additional contribution to this decay coming from Z ′ exchange. This
contribution interferes with the SM contribution generated by a W boson exchange. In
addition, there are three new decay channels `iL → `jL ν¯iL νjL, `iR → `jR νiL ν¯jL(ν¯iL νjL),
which are not allowed in the SM. These channels arise from diagrams as shown in Fig. 3.7
and the ones with neutrino flavors interchanged. Together they modify the SM decay
rate [216] into a given lepton plus neutrinos according to,
Γ`i→`j+ν¯ν = Γ
SM
`i→`j+ν¯ν
[
(1 + xij)
2 + x2ij + 2 y
2
ij
]
, (3.54)
where with g2 denoting the SU(2)L coupling constant we have defined
xij = 2
(gL`i`j )
2
g22
M2W
M2Z′
, yij = 2
gL`i`j g
R
`i`j
g22
M2W
M2Z′
. (3.55)
The first part in Eq. (3.54) is the contribution to the SM-like purely left-handed, non-
flavor-violating channel. The second and third part are the non-SM-like chirality-flipped
and/or flavor-violating channels. Importantly, we do not distinguish the neutrino species
in the measurement of the final state. This is why all the contributions are summed.
As before, we will consider the case of purely left- or right-handed lepton couplings.
In the case of purely right-handed couplings we do not get any contribution from the Z ′
(as due to gL`i`j = 0 also xij , yij = 0). In the case of purely left-handed couplings the
modification of the SM decay rate simplifies to
Γ`i→`j+ν¯ν = Γ
SM
`i→`j+ν¯ν
[
(1 + xij)
2 + x2ij
]
. (3.56)
Muon decays
Measurements of the µ lifetime are very precise with a relative uncertainty of the order of
10−6 [214]. This suggests very stringent constraints on xµe. However, the decay of the µ
is usually used to determine the Fermi constant GF . For that reason, this measurement
cannot be used again to independently test new physics effects. Therefore, we need an
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additional independent measurement to probe the flavor-violating Z ′ couplings. The β-
decay of nucleons is possible only via a charged current and is therefore unaffected by our
Z ′. However, it contains the CKM matrix element Vud which is usually extracted from
those decays. The situation is similar for the decay of kaons which contain the matrix
element Vus.
Nevertheless, we can extract a limit from this comparison using the following argument.
As can be seen from Eq. (3.56) the Z ′ contribution leads to an increase in the muon decay
rate. Using the SM extraction of Vus and Vud this would lead to smaller values of these
CKM matrix elements. Assuming unitarity for the CKM matrix we can hence constrain
xµe using the CKM matrix elements determined in the standard way [214],
1− 1
(1 + xµe)2 + x2µe
≈ 2xµe . 1− (|Vud|2 + |Vus|2 + |Vub|2) (3.57)
≈ 1− (|Vud|2 + |Vus|2) ≈ 0.0005± 0.0005 . 0.001.
On the right hand side we estimate the error by adding the errors for Vus and Vud in
quadrature and in the next step adding the small deviation from unity.
The resulting limit on gLeµ is shown as black vertical dash-dotted line in Fig. 3.14 and
again only applies if we take the lepton coupling to be purely left- instead of right-handed.
In principle, we could also derive limits from the angular dependence of the decay of
polarized muons used to search for right-handed currents in Ref. [217]. However, for these
constraints to be effective requires the presence of both left- and right-handed couplings
which we do not consider in the lepton sector.
Tau decays
Due to its large mass mτ = 1776.86±0.12 MeV [13], the τ -lepton has a much richer decay
phenomenology than the muon. In particular, decays into a multitude of hadronic final
states are kinematically accessible. In the following we want to discuss the impact of our
model on various τ decay modes. We will treat the leptonic and hadronic decay modes
separately.
Leptonic mode Due to our choice of allowing only for a single non-zero flavor-changing
coupling in the lepton sector, either geτ or gµτ , a strong constraint on our model can
be obtained by comparing the branching ratios of the two channels τ → µν¯ν and τ →
eν¯ν [216] within our model (in [218] a comparison with the SM branching ratio is used). In
order to illustrate how the corresponding constraint arises, let us for concreteness consider
the case of a non-zero µτ -coupling first. In the following, we strongly rely on the derivation
of this limit in Ref. [216].
A non-zero coupling gµτ leads to an enhancement of the partial decay rate of the
process τ → µν¯ν according to Eq. (3.54). Defining the ratio of the partial decay rates
corresponding to τ → µν¯ν and τ → eν¯ν,
Rµ/e ≡
Γτ→µν¯ν
Γτ→eν¯ν
, (3.58)
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we can rewrite Eq. (3.54) as
Rµ/e = R
SM
µ/e
[
(1 + xµτ )
2 + x2µτ + 2 y
2
µτ
]
. (3.59)
Within the SM, the ratio Rµ/e has been very accurately calculated [219] to
RSMµ/e = 0.972559± 0.000005 . (3.60)
For the experimentally determined value, we follow [216, 219] and quote a precise mea-
surement9 by the BaBar collaboration [222] yielding a value of
Rµ/e = 0.9796± 0.0039 . (3.61)
This precise measurement is in slight disagreement with the SM prediction and the relative
deviation amounts to 1.8σ [219] or
∆Rµ/e =
Rµ/e
RSMµ/e
− 1 = 0.0072± 0.0040 . (3.62)
By virtue of Eq. (3.59) we can turn this observed deviation into a constraint on our model.
Recall that in order for this limit to be present we require a non-zero left-handed lepton
coupling gLµτ (as in the SM neutrinos are purely left-handed). In the general case, where
both left- and right-handed lepton couplings are present, we obtain the limit as
gRµτ ≤
g
2
√
1 + ρ2`
MZ′
MW
[(
1 + 2 (1 + ρ−2` ) ∆Rµ/e
) 1
2 − 1
] 1
2
. (3.63)
Next, let us consider the inverse case of non-zero eτ -coupling. In this scenario, the
derivation of the limit proceeds analogous to the µτ -case, however, using the inverted
fraction of branching ratios
Re/µ ≡
Γτ→eν¯ν
Γτ→µν¯ν
=
1
Rµ/e
. (3.64)
It is worth noticing that in the case of the inverted fraction Re/µ the relative deviation of
the experimental value from the SM prediction as discussed in Eq. (3.62) becomes negative
∆Re/µ =
Re/µ
RSMe/µ
− 1 = −0.0072± 0.0040 . (3.65)
From Eq. (3.54) we see that structurally the Z ′ contribution from a non-vanishing geτ
coupling will always lead to a positive shift in Re/µ. Therefore, the measured fluctuation
leading to a negative shift will impose a very stringent bound on geτ (cf. Fig. 3.15).
In either case of non-zero lepton coupling geτ or gµτ , we defined the relative deviation
∆R plus the 2σ uncertainty as exclusion bound. The corresponding limits are shown for
example in Figs. 3.15 and 3.16 as the vertical black dash-dotted lines. It can be seen that
9We want to point out that previously also the ARGUS [220] and CLEO [221] collaboration have
determined the branching ratios entering Rµ/e. These less precise measurement also enter the PDG world
average [214] RPDGµ/e = 0.976± 0.04.
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Figure 3.8: Diagrams of a possible signature of a doubly flavor-changing Z ′ boson with
non-zero couplings in the sd and eτ/µτ sector (q denotes either a d- or a u-quark). The
resulting decays are τ± → `± (pi0K0/pi±K∓), where ` ∈ {e, µ}. Only in the sd sector
such a semi-leptonic τ decay into a pion and a kaon is kinematically allowed. Especially
for a non-zero quark coupling involving a b-quark such a decay is not possible.
leptonic decay modes of the tau yield by far the strongest limits in the eτ and µτ sectors.
They cut far into the region of parameter space testable with multipurpose experiments
at the LHC. However, it has to be kept in mind that these limits apply only if we consider
purely left- (or mixed) instead of right-handed lepton couplings gL`i`j . In the right-handed
case these limits are absent.
If we assume the previously discussed 1.8σ relative deviation in the fraction of branch-
ing ratios Eq. (3.62) not to be due to systematics or a fluctuation, we can speculate on
a possible new physics origin. In order to justify such speculation, we checked with help
of the accurate prediction of RSMµ/e given in Ref. [219] and the measured tau lifetime that
the excess ∆Rµ/e is indeed due to the observed value of Γτ→µν¯ν being significantly higher
than its SM prediction. As a matter of fact it has been noticed in previous work [223]
that the relative deviation
Γτ→µν¯ν
ΓSMτ→µν¯ν
− 1 = (0.69± 0.29)% , (3.66)
even amounts to 2.4σ. The resulting increase in the total width Γtot of the tau is compat-
ible with the corresponding observed value. Within our Z ′ model we can fit this excess
with a non-zero gLµτ coupling of O(10−1). We will speculate on such an explanation in Sec-
tion 3.4.2.
Hadronic mode The search for rare hadronic tau decays opens a unique opportunity for
testing our model. In the presence of a non-vanishing gsd and either geτ or gµτ coupling
10,
the Z ′ will mediate the decay τ± → `± (pi0K0/pi±K∓) with ` ∈ {e, µ} due to the diagrams
shown in Fig. 3.8. As this mode is not present in the SM, the detection of such a decay
would be a smoking gun for a doubly flavor-changing Z ′. It should be noted that such a
10For a recent example of an explicit model with flavor-violating couplings in the quark sector as well as
non-vanishing lepton couplings, motivated by observed anomalies in B decays as well as (g−2)µ, see [224].
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decay is only possible into pions and kaons as decays intoB andD mesons are kinematically
not allowed.
The corresponding decays into charged meson final states τ− → `− pi±K∓ and τ+ →
`+ pi±K∓ have been searched for at BaBar [225] and Belle [226]. We can derive bounds
on the Z ′ couplings g`τ and gsd from the observed limits on the corresponding branching
ratios via the techniques we developed in Section 3.3.3. The relevant operators contributing
to these processes are again those of Eqs. (3.28) and (3.29) with corresponding Wilson
coefficients given in Eq. (3.30). In order to calculate the branching fraction due to the Z ′-
induced decay we require the hadronic matrix elements 〈pi+K−|(s¯d)L/R|0〉, where we have
introduced the shorthand (s¯d)L/R = s¯ γµPL/Rd. Analogously to Section 3.3.3, we will use
isospin symmetry to estimate the matrix element from the observed decay τ → ντ K−pi0.
The corresponding SM operator for this decay reads
Oτν = (ν¯τγµPLτ)(s¯ γµPLu) , (3.67)
with its Wilson coefficient given by Cτν = 2
√
2GF Vus. In the following, we assume the
electron and muon to be massless, which is justified as me,mµ  mτ . However, this
implies that the outgoing leptons have definite chirality, which leads to distinguishable
final states. Therefore, the fraction of branching ratios reads
Γτ−→`−pi+K−
Γτ−→ντ pi0K−
=
(
1
2
√
2GF VusM2Z′
)2 ∣∣gL`τ 〈`|(¯`τ)L|τ〉∣∣2 + ∣∣gR`τ 〈`|(¯`τ)R|τ〉∣∣2
|〈ντ |(ν¯ττ)L|τ〉|2
×
∣∣gLsd〈pi+K−|(s¯d)L|0〉+ gRsd〈pi+K−|(s¯d)R|0〉∣∣2
|〈pi0K−|(s¯u)L|0〉|2
. (3.68)
Treating the leptons as massless translates into 〈`|(¯`τ)L|τ〉 ' 〈ντ |(ν¯ττ)L|τ〉. Furthermore,
we use isospin symmetry to relate the hadronic matrix elements
〈pi+K−|(s¯d)L|0〉 '
√
2 〈pi0K−|(s¯u)L|0〉 . (3.69)
As QCD is a non-chiral theory, the same relation holds also with the operator (s¯d)L
replaced by (s¯d)R. With these assumptions we can use Eq. (3.68) to estimate the branching
fraction
Γτ−→`−pi+K− '
(
gR`τ g
R
sd
2GF M2Z′
)2
(1 + ρ2` ) |1 + ρq|2
|Vus|2 Γ
exp
τ−→ντ pi0K− . (3.70)
This relation allows us to constrain g`τ and gsd from the limits on Γτ−→` pi+K− , observed
by the Belle collaboration [226],
Γτ−→e−pi+K− < 5.6× 10−8 , (3.71)
Γτ−→µ−pi+K− < 16× 10−8 . (3.72)
From these constraints, we have derived the corresponding bounds in the {sd, eτ} and
{sd, µτ} sector. These are shown as the purple areas in the lower left panels of Figs. 3.15
and 3.16. It can be observed that the ATLAS bounds from the 8 TeV dilepton dataset are
almost entirely lying within the purple areas. However, the LHC Run II and the HL-LHC
scenarios are expected to yield superior limits along the direction of small g`τ and gsd.
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Figure 3.9: Diagrams leading to muonium-antimuonium oscillations from Z ′ exchange in
the case of non-zero geµ coupling.
3.3.5 Muonium – antimuonium oscillations
The two leptons e− and µ+ can form a hydrogen-like bound state called muonium M . In
presence of flavor-changing processes this bound state can oscillate into its conjugate state
consisting of e+µ− – the antimuonium M . The MACS experiment at the Paul Scherrer
Institut in Villigen, Switzerland has searched for M − M transitions in a muon fixed
target experiment. The non-observation of such transitions gives an upper bound for the
probability of spontaneous muonium to antimuonium conversion PMM ≤ 8.2 × 10−11 at
90 % C.L. [227].
In our model we have tree-level contributions to M −M transitions from the diagrams
depicted in Fig. 3.9. As in the case of meson mixing discussed in Section 3.3.1, these
diagrams generate a transition matrix element MMM , which induces a mass splitting of
the two states [228] as
|∆M | = 2 |Re (MMM )| . (3.73)
Following the logic of Section 3.3.1, we can derive the mass splitting of the two bound
states in an EFT approach. From our model Lagrangian Eq. (3.2) we obtain the low-energy
interaction corresponding to the processes of Fig. 3.9 encoded in the operators
OXYeµ = (µ¯ γν PX e)(µ¯ γν PY e) , (3.74)
where X,Y ∈ {L,R} and the corresponding Wilson coefficients are given by
CXY = 2
gXeµ g
Y
eµ
M2Z′
. (3.75)
As muonium is a non-relativistic Coulomb bound state, we can calculate the amplitude
via a non-relativistic field expansion. The transitions M − M can be described by a
non-relativistic effective potential Veff(~x), which we obtain from the Born approximation.
Taking into account that the two fermions can either be in a spin singlet or triplet bound
state we obtain the two effective potentials
Vsinglet(~x) = 2 [C
LL − 2CLR + CRR] δ(3)(~x) , (3.76)
Vtriplet(~x) = −2 [CLL + 2CLR + CRR] δ(3)(~x) . (3.77)
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Assuming the muonium to be in its electronic ground state, we can calculate the mass
splitting [228] as
|∆M | ' 2 〈M |(|ReVeff(~x)|)|M〉 = 2
∫
d3x φ∗100(~x) |ReVeff(~x)|φ100(~x) (3.78)
=
4
pi a3
MM
∣∣CLL ∓ 2CLR + CRR∣∣ , (3.79)
with the Bohr radius of the muonium aMM = 1/(αmred) and the reduced mass
mred = memµ/(me +mµ). In order to get in contact with the experiment, we need to
know the transition probability PMM of an initially prepared muonium atom M to oscil-
late into M . Therefore, we need to know the time evolution of the two-state system that
is generally obtained by solving the Schro¨dinger equation [229]
i
d
dt
( |M(t)〉
|M(t)〉
)
=
(
M − iΓ2 ∆M2
∆M
2 M − iΓ2
)( |M(t)〉
|M(t)〉
)
. (3.80)
After diagonalizing the Hamiltonian of Eq. (3.80) the time evolution of an initially pure
muonium state is found to be given by
|M(t)〉 =
(
cos
(
∆M
2
t
)
|M〉+ i sin
(
∆M
2
t
)
|M〉
)
e−
Γ
2
t eiMt . (3.81)
If the system is mainly in the antimuonium state, it consists of an e+ and a µ−. In
this case, the muon will decay via µ− → e− ν¯e νµ with a highly energetic electron being
radiated off. In the reverse case of muonium, the radiated particle instead would be a
highly energetic positron. Hence, the measurement principle to detect whether muonium
has oscillated into antimuonium is quite straight-forward. Starting from a pure muonium
initial state, one searches for highly energetic electrons resulting from the muon decay
inside the potential antimuonium bound state. Thus, the search strategy boils down to a
counting experiment of outgoing energetic electrons.
We can determine the total number of expected electrons within our model from the
integrated partial decay rate of the system into electrons, which is given by the proba-
bility of the system being in an antimuonium state multiplied by the muon decay rate.
Integration over time yields [230]
PMM =
∫ ∞
0
dt Γµ sin
2
(
∆M
2
t
)
e−Γµ t =
1
2
(
Γ2µ
∆M2
+ 1
) . (3.82)
Assuming either left- or right-handed lepton couplings this can be directly translated into
a limit on the off-diagonal lepton coupling of the Z ′ as
|gL/Reµ | ≤
1
SB
[
piM2Z′ Γµ
8α3m3red
(
2PMM
1− 2PMM
) 1
2
] 1
2
, (3.83)
where SB = 0.35 [228] is a correction factor for the muonium splitting in the magnetic
field coming from the (V ±A)× (V ±A) Lorentz structure of the interaction.
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Figure 3.10: Tree-level dilepton production via Z ′ at LEP, where ` is either the µ or the
τ .
The resulting limit os illustrated in the plots in Fig. 3.14 by the magenta band. As
this limit is purely leptonic, the corresponding bound results in a vertical exclusion line.
Due to the very stringent bound on PMM [227], this is the strongest limit in the lepton
sector alone, if pure right-handed couplings are assumed. In contrast, ATLAS can probe
eµ couplings significantly smaller than those excluded in muonium oscillation experiments.
However, this is only true in combination with a same order-of-magnitude quark-sector
coupling, while the muonium limits are independent of the quark couplings. Finally, as
muonium is a bound state of e+ and µ− the eτ and µτ sectors are completely unaffected
by this limit. The corresponding eτ or µτ bound states would be experimentally very
difficult to access as the τ decays very rapidly.
3.3.6 LEP limits
The LEP collider produced a large amount of e+e− collisions. Hence, the analyses of
µ+µ− and τ+τ− final states at LEP offer an experimentally very clean environment to
search for lepton-flavor violation. Such final states can be produced from a t-channel
Z ′ exchange within our model for non-zero geµ or geτ couplings. Hence, we can use the
total inclusive cross sections σ(e+e− → µ+µ−) and σ(e+e− → τ+τ−) as measured by the
ALEPH collaboration [231] in order to constrain these couplings.
For our analysis we have simulated the total inclusive cross section σZ′ for the two
processes e+e− → µ+µ− and e+e− → τ+τ− with MadGraph5 v2.3.3 [196] at √s = 207
GeV, including the Z ′ diagram shown in Fig. 3.10. Allowing for an additional hard photon
in the final state, we have scanned σZ′ over a 2D grid of the lepton couplings geµ or geτ and
the Z ′ mass MZ′ . In such a grid search, we can exclude all values of geµ and geτ which lead
to a prediction of the cross section σZ′ inconsistent with its experimentally determined
value σexp. We set the corresponding limits by performing a two-sided hypothesis test
on the total inclusive cross section. At a given mass MZ′ , we exclude all coupling values
that correspond to a cross section σ /∈ [σexp−1.96 ∆σ, σexp + 1.96 ∆σ], corresponding to a
two-sided 95% confidence interval for a Gaussian distribution. In order for this approach
to be valid, we must assume that the measured cross section σexp (i.e the number of signal
events) follows a Gaussian distribution. As the experimentally observed total number
of events Nµµ = 683 and Nττ = 402 at
√
s = 207 GeV [231] are relatively large, this
assumption seems to be justified.
The corresponding limits in Figs. 3.14 and 3.15 are depicted by the golden regions. As
was the case for the muonium, these limits are purely leptonic (and therefore correspond
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Figure 3.11: The blue curve is the total simulated cross section σZ′ for the process e
+e− →
τ+τ− at
√
s = 207 GeV. The green band depicts the 95% confidence interval of the
measured cross section σexp. The red area shows the excluded couplings g
R
eτ . Figure taken
from [170].
to vertical bands in the gqq′ − g``′ plane). As LEP was an electron-positron collider,
these limits do not concern the µτ sector. Generally, the LEP limits are weaker than the
muonium limits and therefore are only of concern in the eτ sector (cf. Fig. 3.15) where
the muonium limits are not present.
A particular feature of the LEP limits is the gap in the excluded region of parameter
space. The origin of this gap can be understood with help of Fig. 3.11. For small couplings
ge` the total cross section is mainly SM-like and agrees very well with the measurements
(i.e. it lies within the 95% confidence interval). For moderate couplings ge` . 1 the
interference term, which is linear in ge` and has negative sign, starts to become important
and eventually drives the cross section σZ′ below the confidence interval. This leads to the
first exclusion band. With increasing couplings ge` > 1 the pure Z
′ contribution, which
is positive and quadratic in ge`, starts to dominate and drives the cross section σZ′ well
above the 95% confidence interval. This leads to the second exclusion band. In between
those two regimes we have a transition region where σZ′ lies within the 95% confidence
interval - the gap in the exclusion region.
3.3.7 Magnetic dipole moments
Two of the most precisely measured quantities in nature are the dimensionless magnetic
moments ge [9] and gµ [93] of the electron and muon, respectively. The very high precision
with which these observables have been determined make ge and gµ very sensitive for
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possible new physics contributions. Furthermore, special attention has been drawn to the
anomalous magnetic moment of the muon aµ = (gµ − 2)/2 in recent years as it exhibits a
deviation between theory and experiment of about 3σ [93, 94,232,233].
We use this as motivation to study the impact of our flavor-changing Z ′ boson on the
magnetic dipole moments (g − 2) of both the electron and muon. In view of the (g − 2)µ
anomaly, we want to assess whether our Z ′ model can potentially explain the observed
deviation similar to earlier work [216,234–236].
Experimental status
Before analyzing the potential Z ′ contributions to (g−2) in detail, we will first review the
experimental status of the electron and muon anomalous magnetic moment.
We will start the discussion by looking at the determination of the dimensionless
magnetic moment gµ of the muon at the E821 experiment at the Brookhaven Alternating
Gradient Synchrotron [237]. The naive SM tree-level calculation, i.e. the Dirac equation,
yields for fermions a value of g = 2 [238, 239]. Radiative corrections such as higher-order
QED processes [240,241], electroweak loops [242], hadronic vacuum polarization [232,233]
or hadronic light-by-light scattering [243, 244] lead to a shift of the anomalous magnetic
moment aµ. Much interest has been triggered by the findings of the E821 experiment that
point towards a mismatch between theory [232,233] and experiment [93] of up to ∼ 3.6σ11
or
∆aµ = a
exp
µ − aSMµ = (2.87± 0.80)× 10−9 . (3.84)
The currently running E989 experiment at Fermilab [96] plans to determine (g− 2)µ with
a factor-of-four improvement in precision. If the central value of the measurement does
not change, this will push the total significance of the excess above 5σ.
In the case of the electron anomalous magnetic moment the picture is different. As
the deviation between theory and experiment [246] only amounts to ∼ 1.3σ, or
∆ae = a
exp
e − aSMe = (−10.5± 8.1)× 10−13 , (3.85)
the experimental result is in good agreement with the theoretical prediction. The uncer-
tainty in ∆ae is expected to be reduced in the near future, enhancing its potential as a
test of new physics. In light of these prospects, we will also investigate the shifts of the
anomalous magnetic moment ae of the electron due to Z
′ loops.
However, one subtlety that has to be taken into account is the fact that the determina-
tion of the fine structure constant α is often deduced from the electron magnetic moment
measurement. Hence, in a consistent calculation of a potential new physics contribution to
the electron magnetic moment, the used value of α should be determined by another inde-
pendent measurement, as for example from atom recoil methods with cesium or rubidium
atoms [247–250].
Anomalous magnetic moment constraints
At this point we will briefly discuss the calculation of the one-loop Z ′ contribution to
the anomalous magnetic moment afa of a fermion fa due to the diagram of Fig. 3.12.
11We note that since the original publication of this work an improved analysis of the hadronic vacuum
polarization contribution to aµ appeared [245] pushing the total deviation to 3.7 σ.
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Figure 3.12: Diagram contributing to the anomalous magnetic moment of the fermion fa
due to a Z ′-induced loop with two insertions of the flavor-violating coupling gab and the
fermion fb running in the loop.
Considering the Z ′ interaction with two generic fermions fa and fb,
L = f¯a γµ
[
gLab PL + g
R
ab PR
]
fb Z
′
µ + h.c. , (3.86)
we can derive the Z ′ contribution to afa due to fb running in the loop [251]. Introducing
the mass ratios xa = ma/MZ′ and xb = mb/MZ′ and the vector and axial-vector couplings
CV = (g
R
ab + g
L
ab)/2 and CA = (g
R
ab − gLab)/2, the calculation yields
afa(Z
′) = − x
2
a
8pi2
∫ 1
0
du
[
u(u− 1)
(
2 (u− 2) (C2V + C2A) + 4
xa
xb
(C2V − C2A)
)
− u2 xa
xb
(
(xb − xa)2C2V − (xb + xa)2C2A
)
+ u2 (u− 1)
(
(xb − xa)2C2V + (xb + xa)2C2A
)]
×
[
u
(
(u− 1)x2a + x2b
)
+ (1− u)
]−1
. (3.87)
Assuming only right-handed couplings (i.e. CV = CA = g
R
ab/2), we can use this relation
to turn the observed shift ∆a in the electron/muon magnetic moment into a limit on gRab.
In order to get a better understanding of the asymptotic behavior of the Z ′ contribution
to the anomalous magnetic moment, let us derive an approximate scaling formula. As we
are mostly interested in Z ′ bosons in the multi-GeV range, we assume MZ′  ma,mb.
Therefore, we expand Eq. (3.87) for small ratios xa and xb. Keeping only the leading
powers yields the approximate formula
afa ≈
(gRab)
2
4pi2
xa
[
xb ρ` − xa
3
(1 + ρ2` )
]
. (3.88)
We can now use the shift in the electron magnetic moment ∆ae to constrain the off-diagonal
couplings geµ and geτ . From Eq. (3.88) we can see that in the case of purely right-handed
lepton couplings (ρ` = 0) the Z
′ contribution to the electron magnetic moment ae is
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suppressed compared to the muon magnetic moment aµ by the factor
x2e
x2µ
≈ 1
(200)2
∼ O(10−5) . (3.89)
On the other hand, comparing Eq. (3.85) and Eq. (3.84) we see that the uncertainties
of ∆ae are smaller by four orders of magnitudes smaller than those of ∆aµ. Combining
the smaller uncertainties with the mass suppression, the constraints from ∆ae are thus
much weaker than those from ∆aµ. Therefore, ∆ae only plays a role as a constraint for
very light Z ′ bosons12. However, for light Z ′ bosons we obtain rather strong limits from
either LEP or muonium-antimuonium oscillation (cf. Figs. 3.14 and 3.15). Therefore, the
constraint from ∆ae proves to be always subdominant in our model.
For the µτ sector the situation is more involved. For purely right-handed lepton
couplings gRµτ , the Z
′ contribution to ∆aµ is negative in contrast to the observed positive
shift (cf. [216, 236]). As the current deviation between SM prediction and the measured
value is greater than 3σ any contribution of such a Z ′ is ruled out at this level. Therefore,
we show exclusions at the 4 and 5σ level in Fig. 3.16 as light and dark cyan bands. These
limits are the only purely leptonic constraints in the µτ sector.
Explaining (g− 2)µ
For a suitable chirality structure, the anomalous magnetic moment of the muon can get a
positive shift due to radiative corrections from a Z ′ loop through a non-zero µτ -coupling.
Such a positive shift can potentially reconcile the experimental value with the theory
prediction. A possible explanation of the observed deviation ∆aµ arises in models [234,
252], in which a light Z ′ boson couples to the (flavor-diagonal) Lµ − Lτ current,
jµ−τα = L¯2 γα L2 + µ¯R γα µR − L¯3 γα L3 − τ¯R γα τR , (3.90)
with L2 = (νµ, µL) and L3 = (ντ , τL). As we will see in Section 4.5.4, in these models
neutrino trident production ν N → ν µ+µ−N in the Coulomb field of a nucleus N [234–
236,253] rules out an explanation of the (g − 2)µ tension for heavy Z ′ of MZ′ & GeV.
In our model, neutrino trident production is not an issue, however, as it requires flavor-
diagonal couplings to µ and τ of the Z ′ at tree level. As we do not consider flavor-diagonal
couplings, the neutrino trident constraints are not applicable to our model. Hence, in our
case (g− 2)µ might still be explained for heavy Z ′ with a suitable pure µτ -coupling [216].
In the future it may be possible to look for flavor-violating trident signals with eµ, eτ or
µτ in the final state at the DUNE [254] and SHiP [255,256] facilities [257,258].
An explanation of the observed positive shift ∆aµ of Eq. (3.84) requires thus a positive
Z ′ contribution to aµ. This is the case when the term in square brackets in Eq. (3.88)
is positive13. This is a quadratic form in the coupling ratio ρ` of left- to right-handed
12If we assume vector couplings (ρ` = 1), the leading term of the contribution to the electron magnetic
moment ae relative to the muon magnetic moment aµ is suppressed only by a factor xe/xµ ≈ 1/200 ∼
O(10−3). Furthermore, as the observed shift ∆ae is negative whereas we obtain a positive shift, ae is a
quite strong constraint for a vector coupling scenario.
13This approximate relation holds only in the case of heavy Z′ bosons with MZ′  mτ .
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Figure 3.13: The flavor-violating couplings gRbs and g
R
eµ for a Z
′ boson of MZ′ = 1000 GeV
with purely right-handed quark couplings (ρq = 0). In this case, the grey area represents
the B0s−B¯0s mixing limit. The red area indicates the limit from the ATLAS analysis of the
process pp→ eµ at √s = 8 TeV. The red dash-dotted and dashed lines are projections to
the LHC Run II and HL-LHC. The green area is the limit coming from the meson decay
B0s → eµ. The gold and magenta areas are purely leptonic limits coming from LEP and
muonium oscillation constraints. The black dotted line is the neutrino exclusion limit from
B+ → K+ν¯ν. The dash-dotted line originates from tests of lepton decays. However, these
latter two limits only apply for left-handed lepton couplings. Figure adapted from [170].
µτ -coupling and is positive only in the interval between its two roots
ρ`,0 =
3
2
mτ
mµ
∓
√(
mτ
mµ
)2
− 4
9
 . (3.91)
From this formula, we find that the Z ′ contribution to ∆aµ is positive in the interval
0.02 . ρ` . 50.75, so that there an explanation of the observed (g − 2)µ excess might
be possible. In Section 3.4.2, we will consider two concrete scenarios where such an
explanation is realized and discuss the phenomenological implications.
3.4 Results
The goal of this chapter is to investigate the sensitivity of resonance searches with multipur-
pose detectors at the LHC to flavor violation compared to a large set of flavor observables.
In this context, meson mixing typically provides a very stringent bound on flavor-violation
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in the quark sector. For example, the constraints on a Z ′ with MZ′ = 1 TeV with only
non-zero right-handed couplings gRbs (i.e. ρq = 0) and g
R
eµ are shown in Fig. 3.13. The grey
area shows the limits from B0s−B¯0s mixing in this case. We can see that this limits excludes
all regions of parameter space that can be probed by the current (red area) or future (red
dotted and dash-dotted curves) ATLAS limits. This makes searches for flavor violation at
multipurpose detectors at the LHC seem unfeasible for a generic model. However, as we
have seen in Section 3.3.1, for certain values ρ0 of the ratio of left- to right-handed quark
sector couplings, the limits from meson mixing are subject to cancellation effects.
In the following section, we show exclusion plots for a 1 TeV Z ′ always for the cou-
pling ratio ρ0 where the corresponding mixing limit vanishes. For example, from the
plot in the upper left panel of Fig. 3.14, we can see that for the scenario with non-
zero couplings {gbs, geµ} just considered, mixing cancellation occurs for ρ0 = 0.1276 with
the tolerance ∆ρ− = 0.0006 and ∆ρ+ = 0.0021. This means that in this example for
ρq ∈ [0.1270, 0.1297], the mixing limit will be less stringent than the ATLAS limit we can
set in the regime of large values of gReµ.
3.4.1 Benchmark scenario
In this section, we summarize the results of our analysis of the full set of flavor-violating
couplings {gqq′ , g``′} with qq′ ∈ {sd, bs, bd, cu} and ``′ ∈ {eµ, eτ, µτ} exemplified for the
benchmark scenario of a Z ′ boson with a mass of MZ′ = 1 TeV. Figs. 3.14 to 3.16 show
the results in each of the three lepton sectors, eµ, eτ and µτ , respectively.
In the region of parameter space shown here, where meson mixing limits are subject
to cancellation effects, the limits from the reinterpreted ATLAS dilepton search (shown as
red areas) can exclude previously unprobed parameter space only along the direction of
both small quark and lepton sector coupling. The ATLAS limits are generally strongest in
the eµ sector and weakest in the µτ sector. These limits are expected to improve roughly
by a factor of ∼ 3 in the LHC Run II scenario (illustrated by the red dash-dotted lines)
and another additional factor of ∼ 2 in the HL-LHC scenario (illustrated by the red dotted
lines) in both the quark and lepton sector couplings. For a generic chirality structure of
the couplings, however, the ATLAS limits are eclipsed by limits from meson mixing as
illustrated in Fig. 3.13.
Meson decays into a pair of charged leptons are sensitive to the product of quark and
lepton sector couplings. They lead to moderate constraints of gqq′g``′ . O(1) (depicted by
the green areas). Meson decay limits are in general stronger for eµ final states than for
eτ and µτ final states. Let us note that the limits from meson decays are absent in the cu
sector.
For pure quark sector couplings, dijet searches at the LHC (shown as brown areas)
can exclude coupling values of gqq′ . O(1). However, the bs sector is entirely unaffected
by these limits. In the lepton sector, LEP resonance searches (gold vertical bands) in
dimuon and ditau final states constrain the couplings gReµ and g
R
eτ to values of . O(1). In
the eµ sector, an additional more stringent constraint arises from muonium oscillations
(magenta vertical band), leading to the bound of gReµ . 0.5. Finally, only the µτ sector
receives sizable constraints from the (muon) anomalous magnetic moment due to the large
contribution of the heavy tau running in the loop. The 4 and 5σ level exclusion limits
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Figure 3.14: Flavor-violating couplings in the eµ sector for a Z ′ boson of MZ′ = 1 TeV. The
red areas depict the limits from the ATLAS analysis of the process pp→ eµ at√s = 8 TeV.
The red dash-dotted and dashed lines are projections to the LHC Run II and HL-LHC.
The brown areas show four-quark contact interaction limits from LHC dijet analyses [193].
The green areas are the limits coming from meson decays into charged leptons. The gold
and magenta areas are purely leptonic limits coming from LEP and muonium oscillation
constraints. The black dotted lines are meson decay limits into neutrinos and the black
dash-dotted line the limits from muon decays. These last two limits, however, apply only
for left-handed lepton couplings gLeµ instead of g
R
eµ. The meson decay limits into neutrinos
are absent in the cu sector completely. Figure taken from [170].
of the (g − 2)µ measurements (depicted by the cyan vertical bands in Fig. 3.16) yield the
constraints of gRµτ . 2 and gRµτ . 3.5, respectively.
Much more severe constraints arise if we assume that the lepton flavor-violating cou-
plings extend also to the neutrino sector. In this case, decays of the muon and tau lead
to strong constraints in the lepton sector. However, as we are concerned with pure SM
50
3.4. Results
10-4 10-3 10-2 10-1 100 101
|gReτ |
10-4
10-3
10-2
10-1
100
101
|g
R bs
|
ρq =1.276e−01
∆ρ+ =1.4e−04
∆ρ− =3.9e−05
MZ′ =1000 GeV
LHC
LHC Run II 
HL-LHC 
B 0s →eτ
B+ →K+ ν¯ν
Lepton decays
LEP II
(a) Flavor-violating couplings gRbs and g
R
eτ .
10-4 10-3 10-2 10-1 100 101
|gReτ |
10-4
10-3
10-2
10-1
100
101
|g
R bd
|
ρq =1.286e−01
∆ρ+ =3.0e−05
∆ρ− =5.2e−05
MZ′ =1000 GeV
LHC
LHC Run II 
HL-LHC 
Dijet
B0 →eτ
B0 →pi0 ν¯ν
Lepton decays
LEP II
(b) Flavor-violating couplings gRbd and g
R
eτ .
10-4 10-3 10-2 10-1 100 101
|gReτ |
10-4
10-3
10-2
10-1
100
101
|g
R sd
|
ρq =9.382e−03
∆ρ+ =9.0e−07
∆ρ− =9.7e−07
MZ′ =1000 GeV
LHC
LHC Run II 
HL-LHC 
Dijet
τ± →e± pi±K∓
K+ →pi+ ν¯ν
Lepton decays
LEP II
(c) Flavor-violating couplings gRsd and g
R
eτ .
10-4 10-3 10-2 10-1 100 101
|gReτ |
10-4
10-3
10-2
10-1
100
101
|g
R cu
|
ρq =6.964e−02
∆ρ+ =2.1e−05
∆ρ− =5.6e−05
MZ′ =1000 GeV
LHC
LHC Run II 
HL-LHC 
Dijet
D0 →eτ
Lepton decays
LEP II
(d) Flavor-violating couplings gRcu and g
R
eτ .
Figure 3.15: Flavor-violating couplings in the eτ sector for a Z ′ boson of MZ′ = 1 TeV. The
red areas depict the limits from the ATLAS analysis of the process pp→ eτ at√s = 8 TeV.
The red dash-dotted and dashed lines are projections to the LHC Run II and HL-LHC.
The brown areas show four-quark contact interaction limits from LHC dijet analyses [193].
The green areas are the limits coming from meson decays into charged leptons. In purple
we show the bounds from the rare decay τ− → e−pi+K− only applicable in the sd sector.
The gold areas are purely leptonic limits coming from LEP constraints. The black dotted
lines are meson decay limits into neutrinos and the black dash-dotted line the limits from
lepton decays. These last two limits, however, apply only for left-handed lepton couplings
gLeτ instead of g
R
eτ . The meson decay limits into neutrinos are absent in the cu sector
completely. Figure taken from [170].
neutrino fields, this would require left-handed couplings. The corresponding lepton decay
limits are depicted by the black dash-dotted vertical lines and only apply for gR``′ replaced
by gL``′ . Similarly, an additional strong constraint would arise in the case of left-handed lep-
ton couplings from semi-hadronic meson decays with neutrinos in the final states (shown
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Figure 3.16: Flavor-violating couplings in the µτ sector for a Z ′ boson of MZ′ = 1 TeV.
The red areas depict the limits from the ATLAS analysis of the process pp → µτ at√
s = 8 TeV. The red dash-dotted and dashed lines are projections to the LHC Run
II and HL-LHC. The brown areas show four-quark contact interaction limits from LHC
dijet analyses [193]. The green areas are the limits coming from meson decays into charged
leptons. In purple we show the bounds from the rare decay τ− → µ−pi+K− only applicable
in the sd sector. The light and dark cyan areas depict the 4 and 5σ exclusion bands from
∆aµ. The black dotted lines are meson decay limits into neutrinos and the black dash-
dotted line the limits from lepton decays. These last two limits, however, apply only for
left-handed lepton couplings gLµτ instead of g
R
µτ . The meson decay limits into neutrinos
are absent in the cu sector completely. Figure taken from [170].
by the black dotted lines). For the peculiar coupling combination {gRsd, gRµτ} an extra con-
straint (purple area) emerges from the search for the decay τ → µpi±K∓, which can be
mediated by the Z ′ at tree level in this case.
We have performed this analysis for a large range of masses 200 GeV ≤ MZ′ ≤ 2900
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GeV. The corresponding exclusion plots can be found under the URL in [198]. The
qualitative picture does not change for different masses of the Z ′ boson. In general, all
limits weaken with increasing MZ′ . Except for the case of direct production at the LHC,
the limits typically scale as g ∼ MZ′ . At a given Z ′ boson mass, the limits tend to be
strongest in the eµ sector and weakest in the µτ sector.
3.4.2 Hints for new physics
In Section 3.3.4, we have argued that the observed excess in the lepton decay ratio Rµ/e
could be due to a new physics effect. From Eqs. (3.55) and (3.59) we see that in order
to be able to explain this excess with our Z ′, we require a non-zero left-handed lepton
coupling gLµτ . Simultaneously, we saw in Section 3.3.7 that a positive contribution to ∆aµ
is only possible for a µτ -coupling with 0.02 . ρ` . 50.75, i.e. non-zero gLµτ .
Realizing that both excesses can only be explained with non-zero gLµτ , we can ask
ourselves if it is possible to explain both excesses simultaneously within our Z ′ model.
Therefore, we will consider two possible scenarios that can explain (g − 2)µ. On the one
hand side a vector-coupling scenario (ρ` = 1) and on the other hand side an optimized
scenario, in which the limits from tau decays are weakest while the Z ′ contribution to aµ
is still positive (ρ` = 0.053).
Vector coupling scenario The left panel of Fig. 3.17 shows the gRbs − gRµτ plane in a
vector-coupling scenario (ρ` = 1) for a Z
′ with a mass of MZ′ = 1 TeV. First, we notice
the absence of a limit from the leptonic meson decay B0s → µτ . This can be understood
with help of Eq. (3.32), which features a term |1−ρ`| in the denominator and consequently
diverges for ρ` → 1. Second, the limit from the meson decay B+ → K+ν¯ν in this case
becomes unavoidable due to the non-zero left-handed lepton coupling gLµτ . This limit
(shown in yellow) is much stronger than the current 8 TeV ATLAS limit (shown in red)
and possibly stronger than limits from an LHC Run II scenario (red dash-dotted line).
Even a future HL-LHC run could only improve upon this limit along the direction of both
small quark and lepton sector couplings. As in this scenario the Z ′ contribution to aµ is
positive, we can fit the excess ∆aµ. The purple, blue and green bands show the preferred
1, 2 and 3σ regions of ∆aµ. It is worth noticing that for the example of a Z
′ boson of
MZ′ = 1 TeV, the excess can naturally be accommodated with O(1) lepton couplings
gµτ . However, one has to be careful whether the limits from tau decay rule out such a
(g − 2)µ explanation. At the 2σ level this is indeed the case [216]. We fit the observed
deviation ∆Rµ/e at the 1σ level. This fit is shown by the black and white hatched area.
The observed ∆aµ deviation is still compatible with the τ decay excess within 3σ.
Optimized coupling scenario The right panel of Fig. 3.17 shows the gRbs − gRµτ plane
for a lepton coupling ratio of ρ` = 0.053 for a Z
′ with a mass of MZ′ = 200 GeV. This
scenario is optimized such that for a positive Z ′ contribution to aµ the limit from τ decays
is weakest. Previously, Altmannshofer et al. have shown explicitly in Ref. [216] that for
ρ` = 0.1 an explanation of ∆aµ is not ruled out by tau decay limits for Z
′ masses greater
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Figure 3.17: The left (right) panel shows the gRbs − gRµτ plane for a Z ′ boson with MZ′ =
1000 (200) GeV and a lepton coupling ratio of ρ` = 1.0 (0.053). The red area indicates
the limit from the ATLAS analysis of the process pp→ µτ at √s = 8 TeV. The red dash-
dotted and dashed lines are projections to the LHC Run II and HL-LHC. The green area
represents the excluded region from the leptonic meson decay B0s → µτ . The yellow area
is the limit from meson decay into neutrinos B+ → K+ν¯ν. The purple, blue and light
green bands are the preferred 1, 2 and 3σ bands from ∆aµ. The black and white hatched
area depicts the preferred 1σ region of the observed deviation ∆Rµ/e = Rµ/e/RSMµ/e − 1.
Figure taken from [170].
than a few GeV. Comparing to the vector coupling scenario we can see that we get a
limit from the leptonic meson decay B0s → µτ in this case. In addition, the relative
strength of the limit from the meson decay B+ → K+ν¯ν to the ATLAS limits is much
smaller. This is due to the small fraction ρ` = 0.053, which drives the decay into neutrinos.
The most important point to notice is that in this scenario the 1σ fit of the tau decay
excess ∆Rµ/e lies on top of the 1σ band of the fit of ∆aµ. Hence, both excesses can be
explained simultaneously with a coupling value of 0.7 . gRµτ . 1.0 for a relatively low mass
of MZ′ = 200 GeV. This effect even persists for small perturbations around ρ` = 0.053
roughly in the region 0.03 . ρ` . 0.35. Furthermore, in the right panel of Fig. 3.17 we
can see that parameter space relevant for these explanations can already be probed with
LHC Run II and HL-LHC data.
Future more precise measurements of the branching fraction of the tau decays τ → µν¯ν
and τ → eν¯ν, e.g. at the Belle-II experiment [259] as well as the planned factor of four
improvement in the precision of (g−2)µ in the upcoming E989 experiment at Fermilab [96]
can test this interpretation. In addition to the purely leptonic tests, the presence of sd-
type quark couplings could present an opportunity to test this model in rare tau decays, as
discussed in Section 3.3.4. For example, assuming the maximally allowed quark coupling
of gRsd ≈ 3× 10−3 for a 200 GeV Z ′ discussed in this section yields a branching fraction of
Γτ−→µ−pi+K− ≈ 9.0× 10−9. This could directly be searched for at Belle-II, which aims
at a sensitivity of 1× 10−9 in branching fraction for 50 ab−1 of data [259].
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3.5 Conclusions
In this chapter, we have investigated FCNCs in effective Z ′ models with exclusively flavor-
changing interactions, one in the lepton and one in the quark sector. For a generic chirality
structure of the Z ′ interaction, these models are subject to severe constraints from precision
tests of flavor violation, in particular from meson mixing. In that sense, the constraints
from reinterpreting an ATLAS resonance search in two differently flavored leptons in the
final state can be seen as just an independent confirmation of what we already know.
However, the strong limits from meson mixing depend on the relative strength of right-
and left-handed couplings and there exist small regions of parameter space where they
can be evaded. Here, the chirality-independent ATLAS limits take over and become the
most sensitive probe of new physics that is weakly coupled. A similar situation arises with
limits from mesons and leptons decaying into neutrinos (cf. e.g. [214,215,260,261]). These
limits are applicable for left-handed couplings, but can be evaded for purely right-handed
ones.
Owing to its coupling to leptons, the Z ′ boson of these toy models also gives rise to
a contribution to the lepton anomalous magnetic moment (g − 2). In the case of a non-
zero gµτ coupling and a suitable chirality structure, this allows for an explanation of the
observed deviation of (g − 2)µ from the SM expectation. Interestingly, in this scenario
(g − 2)µ and a small excess observed in tau decays into muons and neutrinos can be
explained simultaneously (cf. also [216]). This situation is summarized by the plots in
Fig. 3.17. In the future, measurements of a Z ′ decaying into a µτ pair at ATLAS or CMS,
or of B decays at LHCb can probe into the region of parameter space relevant for this
simultaneous explanation. In particular, a dedicated ATLAS or CMS search at kinematics
optimized for a relatively low-mass resonance could be helpful. These experiments can only
test part of this interesting region due to their dependence on the quark sector coupling
for the Z ′ production. Hence, it is worthwhile to look for complementary probes relying
on the lepton sector couplings only. In this context, the study of tau decays, as can be
done e.g. at Belle-II [259], provides for interesting opportunities. For purely leptonic
couplings, precision tests of lepton flavor universality in these decays seem particularly
promising. In addition, flavor-violating trident production at high intensity experiments
like DUNE [254] or SHiP [255, 256] may allow to test this region [257, 258]. Finally, the
interplay of these chiral µτ -couplings with couplings to the light quarks gsd could provide
for smoking-gun signals in rare tau decays into muons and hadrons like e.g. τ → µpi±K∓.
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Anomaly-free hidden gauge bosons
The content of this chapter and the related Appendix B corresponds to work donein collaboration with M. Bauer (Durham U., IPPP) and J. Jaeckel (Heidelberg U.)
and is published as Ref. [262]. In this work, the author was responsible for recreating
the limit calculations of existing beam dump constraints on hidden photons of a secluded
U(1)X and adapting them to the cases of U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ and U(1)B−L.
Furthermore, the author was responsible for adapting the bound on light particles from
white dwarf cooling to the gauge bosons considered here. The credit for the discussions
concerning the embedding of the U(1) groups into larger symmetries, the flavor structure
in the neutrino sector, as well as for the calculation of the Mu3e limits is entitled to
M. Bauer. Nearly all results in this chapter, including the plots and tables as well as a
significant part of the text, are identical to that in the publication.
4.1 Introduction
Having investigated a set of U(1) toy models with exclusively flavor-violating interactions
in Chapter 3, we now want to transition to the study of proper anomaly-free U(1) gauge
theories. In this context, we will focus on the well-motivated class of GeV-scale hidden
photon models. Starting out from a pure dark, kinetically-mixed U(1)X model, we will
generalize our discussion to a wider class of models under which SM fields are charged.
Models of GeV-mass hidden photons received much popularity in the literature after
PAMELA data [30] confirmed previous indications by HEAT [263] and AMS-01 [264] of an
excess in the cosmic-ray positron fraction. In particular, Arkani-Hamed et al. [265, 266],
in an attempt to explain the positron excess, suggested a framework in which a ∼800
GeV weakly-interacting massive particle (WIMP) is charged under a dark gauge group
GX ⊃ U(1)X broken at around a GeV. In addition to providing a possible explanation for
the large cross section into leptons by Sommerfeld enhancement, this would simultaneously
explain the absence of any excess in the anti-proton spectrum. It was soon realized that
such scenarios can be naturally realized in weak-scale SUSY breaking [267–272]. The
supersymmetric version of the kinetic mixing term reads
L = −Y
2
∫
d2θWYWX , (4.1)
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where WY and WX are the supersymmetric field strength tensors of hypercharge and the
new U(1)X , respectively. This term contains a mixed D-term YDYDX . After EWSB the
hypercharge D-term will acquire a VEV proportional to the weak scale 〈DY 〉 ∼ O(v2).
This leads to an effective Fayet-Illiopoulos (FI) term ξ DX , where ξ = Y 〈DY 〉. As the
magnitude of kinetic mixing is of the order of Y = 10
−4 . . . 10−3 one obtains typical values
of ξ ∼ O(GeV2). With this FI term present in the potential, one can find a SUSY vacuum
that breaks U(1)X and therefore leads to a mass of the associated gauge boson of
M2X = gX ξ , (4.2)
which is naturally of ∼ O(GeV).
This construction of SUSY-inspired DM models, containing a light neutral gauge boson
that mixes with the SM hypercharge boson, has lead to a wide popularity of such hidden
photon models [163, 273–275]. Ever since, there has been a strong experimental effort
to search for light gauge bosons Xµ of a new dark U(1)X symmetry mixed with the
hypercharge U(1)Y gauge boson Bµ through the operator [147]
L = −Y
2
BµνX
µν , (4.3)
connecting the corresponding field strength tensors, Xµν and Bµν , respectively.
Going beyond the minimal paradigm of a completely secluded, dark U(1)X symmetry,
there is also the possibility that one of the remaining global symmetries of the SM is
gauged. Since only anomaly-free symmetries can be gauged, the number of possible ad-
ditional gauge groups in the SM without the introduction of additional fermions charged
under SU(3)C×SU(2)L×U(1)Y is limited. Out of the four independent global symmetries
of the SM Lagrangian, U(1)B, U(1)Le , U(1)Lµ , U(1)Lτ three combinations are anomaly-
free without any additional particles, U(1)Lµ−Le , U(1)Le−Lτ and U(1)Lµ−Lτ [276–278].
These combinations are theoretically particularly appealing as the corresponding charges
of SM fields are integral. The difference between baryon and lepton number U(1)B−L is
also anomaly-free if right-handed neutrinos are introduced. Differences between baryon
family numbers, e.g. U(1)B1−B3 or combinations, e.g. U(1)B3−Lτ , are also anomaly-free,
but result in an unviable CKM matrix. The addition of right-handed neutrinos allows
to reproduce a phenomenologically viable lepton mixing matrix without charged lepton
flavor-changing couplings for the U(1)Lµ−Lτ gauge group [279].
In the remainder of this chapter, we focus on the four anomaly-free groups, U(1)Lµ−Le ,
U(1)Le−Lτ , U(1)Lµ−Lτ and U(1)B−L. The phenomenology of a gauge boson of these
groups can be very different from that of a secluded hidden photon. For example, at
tree level the considered gauge bosons do not couple to the W± gauge bosons. Moreover,
the gauge bosons of lepton family number differences U(1)Li−Lj couple exclusively to
the respective charged leptons and neutrinos, but not to baryons. As a consequence,
constraints derived for secluded hidden photons with universal couplings do not easily
translate into constraints on such additional gauge bosons. As we will see, the neutrino
couplings will be of paramount importance for the gauge bosons of the four anomaly-free
groups, making them subject to a number of constraints from neutrino experiments.
In the absence of kinetic mixing, constraints on light U(1)B−L gauge bosons have been
discussed in [280–284]. The groups U(1)Lµ−Le , U(1)Le−Lτ are considered in [285] and
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limits on U(1)Lµ−Lτ gauge bosons have been derived in [234, 235, 286–290] (the last two
papers take into account kinetic mixing). However, since in all four cases SM fermions
are charged under both the new U(1) as well as under hypercharge, a kinetic mixing
term between the new gauge boson and the hypercharge boson is automatically induced
at the one-loop level, even if Y = 0 at tree level. In the case of U(1)Lµ−Le , U(1)Le−Lτ ,
and U(1)Lµ−Lτ this mixing term is finite and has significant impact on the experimental
sensitivities. We will discuss this mixing in more detail in Section 4.2.
The central aim of this study is to use experimental results and observations that
constrain secluded hidden photons to derive limits on U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ
and U(1)B−L gauge bosons. We use a large set of experiments ranging from beam-dump
and fixed target experiments [255,256,275,291–315], e+e− colliders [290,316–329], to lep-
ton precision experiments [250, 330–335]. For U(1)Lµ−Le , U(1)Le−Lτ , and U(1)Lµ−Lτ , we
explicitly take into account the unavoidable kinetic mixing generated by the SM par-
ticles, that has significant effects on the sensitivities. Technically, where possible and
necessary, we recreated the analyses of the experiments thereby making use of more de-
tailed information such as the energy spectrum of the particles in the experiments. In
addition, we consider measurements of solar neutrinos with Borexino [289, 336, 337], lab-
oratory neutrino experiments such as, e.g. CHARM-II [338, 339], COHERENT [340, 341]
and TEXONO [342], as well as tests of neutrino trident production [234, 343–345]. Fur-
thermore, we include new astrophysical limits from the energy loss of white dwarfs [346].
Looking into the future, we consider projections for planned and proposed experiments for
the case of the universal hidden photon, as well as the U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ
and U(1)B−L gauge boson, respectively. We also discuss the parameter space where the
measured deviation in the anomalous magnetic moment of the muon (g − 2)µ can be ex-
plained [164,235]. In this context, a light U(1)Lµ−Lτ gauge boson provides one of the few
not yet excluded explanations of (g−2)µ [347,348]. It can further explain the spectrum of
the Icecube high-energy neutrino events [349,350], has the right quantum numbers to ex-
plain the hints of lepton flavor non-universality in RK(∗) reported by LHCb [234,351,352]
and might alleviate the tension in the determination of the Hubble constant H0 [353].
The remaining part of this chapter is organized as follows: First, we introduce the
corresponding models of the hidden gauge bosons in Section 4.2 and discuss their phe-
nomenological features. In Sections 4.3 and 4.4 we discuss the strategies employed to
recast or rederive existing limits and projections for future experiments. We present the
results of our analysis in Section 4.5 and conclude in Section 4.6. In Appendix B we
provide additional details: In Appendix B.1 we discuss in detail the rotation to the neu-
tral gauge boson mass eigenstates as well as Higgs interactions. A thorough account of
different implementations of beam dump limits as well as a comparison between rescaling
limits and recreating the analysis is given in Appendix B.2. Finally, Appendix B.3 pro-
vides information on the different experiments constraining the hidden photon parameter
space, the relevant processes and couplings.
4.2 Hidden gauge bosons
In order to understand how the different constraints on the universal hidden photon of a
secluded U(1)X are transformed in the scenarios with non-trivial gauge coupling structure,
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we will customize our discussion of the physics of a generic U(1) boson of Section 2.3 to
the four anomaly-free groups U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ and U(1)B−L.
In all four cases, the additional gauge boson Xˆµ is in principle described by the general
Lagrangian of Eq. (2.32),
L = LSM − 1
4
XˆµνXˆ
µν − Y
2
BˆµνXˆ
µν − M
2
X
2
XˆµXˆ
µ − gx jxµXˆµ ,
where LSM denotes the SM Lagrangian and Bˆµν and Xˆµν denote the field strength tensors
of the hypercharge U(1)Y and the new U(1)X . The hatted fields indicate that the kinetic
terms in Eq. (2.32) are not canonically normalized and the corresponding gauge fields need
to be redefined.
The current jxµ of the new symmetry depends on the considered gauge group,
jXµ = 0 , U(1)X ,
j i−jµ = L¯iγµLi + ¯`iγµ`i − L¯jγµLj − ¯`jγµ`j , U(1)Li−Lj ,
jB−Lµ =
1
3
Q¯γµQ+
1
3
u¯RγµuR +
1
3
d¯RγµdR − L¯γµL− ¯`Rγµ`R − ν¯RγµνR , U(1)B−L ,
(4.4)
with i 6= j = e, µ, τ .
As outlined in Section 4.1, for the case of the secluded hidden photon, GeV-scale
masses have been particularly motivated from dark matter considerations. Furthermore,
this region was suggested by a (now essentially ruled out) explanation of the (g − 2)µ
anomaly [164]. Consequently, many of the recent experimental activities have been con-
centrated on this region. This will serve us as a motivation to focus on boson masses in
the MeV to multi GeV region in the following. That said, we will see that the explanation
of (g − 2)µ with a weakly-coupled U(1)Lµ−Lτ [235] is still viable (cf. Fig. 4.18) in this
region. Such masses can arise from a Higgs or a Stu¨ckelberg mechanism (cf. Section 2.3.2
for a discussion of these mass generation mechanisms). However, in the former case extra
effects due to the additional Higgs boson are likely.
Upon redefining the fields and rotating to the mass eigenstates, the new gauge boson
acquires a mixing-induced coupling to the hypercharge current jYµ proportional to Y .
However, as we are concerned with a light U(1)X gauge boson (i.e. lighter than the Z
boson) and consider small (loop-induced) kinetic mixing Y , the interactions of the boson
mostly align with those of the SM photon and are suppressed by a factor Y . In the case
of a secluded U(1)X , i.e. in the absence of a new gauge current j
x
µ = 0, this motivates the
name hidden or dark photon for the mass eigenstate A′µ of the U(1)X boson.
For the four gauge groups considered in this chapter, we obtain the interactions of the
now unhatted gauge fields and currents after proper normalization and rotation to the
mass basis (cf. Appendix B.1),
Lint =
(
e jEMµ , gZ j
Z
µ , gx j
x
µ
)
K
AµZµ
A′µ
 , (4.5)
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with
K =
1 0 −0 1 0
0  tan θw 1
+O(δ, 2) , (4.6)
and where we have defined
 = Y cos(θw) , δ =
M2X
MSMZ
2 . (4.7)
In the general hidden photon scenario of small masses MX compared to the Z mass and
small kinetic mixing, to leading order in  the masses before and after the basis change
are equal,
M2Z = M
SM
Z
2
(1 +O(2)) , M2A′ = M2X(1 +O(2)) . (4.8)
The normalization and mass diagonalization procedure also defines the interactions of the
new gauge fields with the Higgs boson. This is also detailed in Appendix B.1.
At this point, let us briefly comment on the smallness of the gauge couplings. The
smallness of the kinetic mixing parameter Y of the hidden photon is naturally suggested
if it is loop-induced [147]. However, for the gauge groups we want to consider here the
weak interaction strength is directly set by the magnitude of the gauge couplings them-
selves. Such small gauge couplings arise for example in the context of “LARGE” volume
compactifications of string theory [153]. These models naturally suggest gauge couplings
in the region
αX =
g2x
4pi
∼ 10−9, (4.9)
but somewhat smaller values are also possible. Nevertheless, this provides a theoretically
interesting target area.
4.2.1 Kinetic mixing
Gauge groups such as U(1)Lµ−Lτ do not feature direct interactions with the first generation
of SM particles that make up most of the ordinary matter and therefore most of the
experimental apparatuses that we consider. Hence, the gauge groups that we consider are
automatically much harder to probe. Nevertheless, since µ and τ are also charged under the
electromagnetic U(1) (or hypercharge, respectively), there exists an unavoidable kinetic
mixing of the gauge bosons at the loop level. This allows us to probe these gauge groups
also in experiments with first generation particles. By the same token, this enables us
to test the purely leptonic gauge groups in experiments utilizing baryons. Let us now
consider the loop-induced kinetic mixing, which we discussed for a generic U(1) extension
in Section 2.3.1, in more detail for the four explicit examples of U(1)Lµ−Le , U(1)Le−Lτ ,
U(1)Lµ−Lτ and U(1)B−L.
If the abelian extension of the SM gauge group in Eq. (4.4) is not embedded in a
non-abelian gauge group, kinetic mixing can be induced by a new fundamental parameter
Y . Kinetic mixing between non-abelian and abelian gauge groups is not possible at the
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Figure 4.1: Ratio of the loop-induced kinetic mixing µτ (q
2) to the U(1)Lµ−Lτ gauge
coupling gµτ as a function of the momentum q flowing through the loop. The two vertical
dashed lines show the resonance values q = 2mµ and q = 2mτ , where the two muons and
taus in the loop in Fig. 2.1 can go on shell.
renormalizable level1. However, if the extra abelian factor results from the breaking of a
non-abelian gauge group, e.g. SU(N) → U(1), at some high scale, loop effects mediated
by fields charged under both the new U(1) and U(1)Y induce kinetic mixing in the broken
phase. For the example of U(1)Lµ−Lτ , the diagram shown in Fig. 2.1 with the fermion
ψ being either L2, L3, µR or τR induces kinetic mixing. This can be calculated from
replacing the same fields for ψL, ψR in Eq. (2.34)
2
µτ (q
2) = −e gµτ
4pi2
∫ 1
0
dxx(x− 1)
[
3 log
(
m2µ + q
2x(x− 1)
m2τ + q
2x(x− 1)
)
+ log
(
m2ν2 + q
2x(x− 1)
m2ν3 + q
2x(x− 1)
)]
,
(4.10)
where q2 is the transferred momentum and gµτ the gauge coupling of U(1)Lµ−Lτ . The
same result holds for U(1)Lµ−Le and U(1)Le−Lτ with the obvious replacements. For large
momentum transfer q2  m2τ , this mixing parameter is power-suppressed µτ ∝ m2µ/q2 −
m2τ/q
2, whereas for low momentum transfer q2  m2µ, the mixing can become relevant
µτ ∝ log(m2µ/m2τ ). These features are clearly visible in Fig. 4.1, where we have plotted the
ratio µτ (q
2)/gµτ showing the hierarchy between the gauge coupling and the loop-induced
kinetic mixing. Since this mixing for the gauge groups of lepton-family number differences
is finite, we take it into account when we present the constraints on the corresponding
gauge bosons in Section 4.5.
As an interesting theoretical feature, we note that the finiteness of Eq. (4.10) is not
guaranteed by the fact that the symmetry is anomaly-free alone. In addition, it implies
that the group of gauged lepton-family number difference U(1)Lµ−Lτ can be embedded
into a larger group GLµ−Lτ that does not contain the SM. The breaking of GLµ−Lτ to
1Beyond the renormalizable level, kinetic mixing can arise from higher-dimensional operators involving
the symmetry breaking Higgs fields, see, e.g. [354]. The loop effects discussed in the following can be
viewed as generating such operators when integrating out fields.
2Note that if q2  m2ν ≈ O(meV2) (which will be the case for all processes considered in this chapter) the
second logarithm in Eq. (4.10) can be neglected and the induced kinetic mixing µτ (q
2) is well approximated
by keeping only the first logarithm in Eq. (4.10).
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U(1)Lµ−Lτ does not induce mixing between the corresponding neutral gauge boson and
the hypercharge gauge boson (and analogous for U(1)Le−Lτ and U(1)Lµ−Le). Hence, one
can construct a UV completion with a gauge group GSM containing the SM and the gauge
group GLµ−Lτ containing U(1)Lµ−Lτ , such that
GSM × GLµ−Lτ
SU(3)C × SU(2)L × U(1)Y × U(1)Lµ−Lτ
.
This is for example not possible in the case of an embedding of the U(1)B−L gauge
group which we discuss below. As a consequence, neither the scalar that breaks
GLµ−Lτ → U(1)Lµ−Lτ nor the scalar responsible for giving the U(1)Lµ−Lτ gauge boson
a mass necessarily contributes to the loop-induced mixing µτ . A straightforward way
to embed U(1)Lµ−Lτ is to choose GLµ−Lτ = SU(2)Lµ−Lτ , and break it to the gauge bo-
son corresponding to the third generator, which determines the couplings to the doublets
(L2, L3) through σ3 = diag(1,−1) [278,279].
For U(1)B−L, the result of the one-loop calculation from replacing the charged fields
in Eq. (2.34) is not finite and its magnitude still depends on the choice of the renormal-
ization scale µ. This implies that the gauge couplings of U(1)Y and those of a possible
non-abelian embedding of SU(N)B−L ⊃ U(1)B−L cannot be independent. Similar to the
situation of the loop-induced kinetic mixing between the photon and the Z boson in the
SM [355], the renormalization scale dependence of three parameters – the two wavefunc-
tions for the U(1)B−L and hypercharge boson as well as (µ) – need to be absorbed by the
field renormalizations of the two original fields in the unbroken phase. We can therefore
not determine the kinetic mixing parameter B−L(µ) unambiguously. However, invoking
the order of magnitude estimate Eq. (2.35), we can deduce the rough coupling hierarchy
B−L(q2)
gB−L
≈ g1
4pi2︸︷︷︸
0.009
∑
ψ
Yψ(B − L)ψ log
(
m2ψ
µ2
)
︸ ︷︷ ︸
1...10
∼ 10−1 . . . 10−2 , (4.11)
for q2  µ2. That said, since all SM fermions ψ relevant to the experiments and observa-
tions we consider carry O(1) B−L charge, the effect of the kinetic mixing is subdominant
compared to the B − L gauge interaction. Hence, we neglect it when we present the
constraints on gB−L and MA′ in Section 4.5.
For completeness, let us note that in the case of a completely secluded U(1)X , where
all SM fermions are uncharged under the new symmetry, kinetic mixing is not generated
within the SM. Instead, additional BSM fermions are necessary to generate contributions
at the one-loop level.
4.2.2 Flavor structure
Both a secluded U(1)X and the U(1)B−L gauge boson couple universally to all SM quark
flavors and lepton flavors, and hence lead to flavor-conserving vertices. In the case of a
gauged lepton number difference, this is less obvious. Since the couplings to leptons are
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non-universal, flavor changing vertices can in principle arise upon rotating the leptons
from the interaction to the mass eigenbasis, as was outlined in Section 2.3.4. However, for
gauged lepton-family number differences, the lepton Yukawa couplings which respect this
symmetry are diagonal already in the interaction eigenbasis
LY =−
(
e¯L µ¯L τ¯L
) ye 0 00 yµ 0
0 0 yτ
 eRµR
τR
H
− (ν¯e ν¯µ ν¯τ)
yνe 0 00 yνµ 0
0 0 yντ
 N1N2
N3
 H˜ + h.c. , (4.12)
where we have included three right-handed neutrinos N1, N2, N3 that are singlets apart
from lepton family number charges, and H denotes the SM Higgs boson. As a result, the
couplings of the A′ gauge boson to leptons are diagonal. This Lagrangian also produces
a diagonal lepton mixing matrix. However, both Majorana mass terms of the type of
Eq. (2.25), which respect the lepton family symmetry, and mass terms induced by the
scalar S, which gives mass to the A′ gauge boson, contribute to the neutrino mass term
LM = −1
2
NTi C−1
(MR)ijNj . (4.13)
The texture of the full mass matrix MR depends on the gauge group and the charge QS
of the scalar S under this group,
U(1)Lµ−Le U(1)Le−Lτ U(1)Lµ−Lτ
M|QS |=1R
 0 m Mm 0 M
M M m
  0 M mM m M
m M 0
 m M MM 0 m
M m 0

M|QS |=2R
M m 0m M 0
0 0 m
 M 0 m0 m 0
m 0 M
 m 0 00 M m
0 m M

,
where we have fixed the magnitude of the charge of the leptons to |Q`| = 1 and for charges
of the scalar S other than |QS | = 1, 2 one obtains the above textures with M → 0. Here,
m is the Majorana scale that can be fully independent of the mass scale induced by the
vacuum expectation value of M ∝ 〈S〉 = M2A′/(2g2xQ2S). For the hierarchy m  M,v,
the texture M|QS |=1R for U(1)Lµ−Lτ has been discussed in detail in [279] and we refrain
from a discussion of the phenomenology in the neutrino sector here. The textureM|QS |=1R
for U(1)Lµ−Lτ is strongly preferred by the structure of the neutrino mixing matrix and
compatible with the global fit to the leptonic CP phase [351,356,357].
In addition, the A′ boson acquires lepton-flavor violating couplings to neutrinos, but
not to charged leptons. Notice that the introduction of right-handed neutrinos does not
introduce additional contributions to the kinetic mixing in Eq. (4.10). Flavor changing
couplings arise only at the one-loop level for all three gauge structures, U(1)X , U(1)B−L,
and U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ considered here.
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Figure 4.2: Branching ratios for the gauge bosons of a secluded U(1)X gauge group mixing
with the SM hypercharge gauge boson. See text for details. Figure taken from [262].
4.2.3 Decay widths and branching ratios
A crucial ingredient for computing hidden photon limits from experimental observations
are the hidden photon decay widths and branching ratios. The decay widths for the gauge
boson of a secluded U(1)X are completely determined by mixing with the hypercharge
gauge boson. For a final state of charged SM leptons, the decay width is straightforwardly
computed by replacing the coupling of a (massive) photon by α → α2. Decays into
hadrons can be determined in a data-driven approach by taking advantage of measure-
ments of the ratio between the production cross section of hadronic final states and muon
pairs in e+e− collisions, R(s) = σ(e+e− → hadrons)/σ(e+e− → µ+µ−) [357, 358]. The
hadronic decay width is then given by
Γ(A′ → hadrons) = 2 Γ(γ∗ → µ+µ−)R(M2A′) for U(1)X , (4.14)
where Γ(γ∗ → µ+µ−) is the partial decay width for a virtual SM photon of mass MA′ . We
show the results in Fig. 4.2.
For gauge bosons of lepton family-number differences, decays into hadronic final states
are also only possible through kinetic mixing, and can be determined analogously to the
universal gauge boson,
Γ(A′ → hadrons) = 2µτ (M2A′) Γ(γ∗ → µ+µ−)R(M2A′) , for U(1)Lµ−Lτ , (4.15)
where the kinetic mixing parameter is given by Eq. (4.10) and the obvious replacements
hold for U(1)Lµ−Le and U(1)Le−Lτ . The partial decay width into the leptons charged
under the corresponding gauge group can be directly deduced from Eqs. (4.4) and (B.9).
The respective uncharged lepton family can only couple through kinetic mixing with the
photon. The branching ratios for the gauge boson of a gauged lepton family number
difference are shown in Fig. 4.3. Hadronic decays are suppressed in all cases and the
different shape of Γ(A′ → hadronic) in the case of U(1)Lµ−Le can be explained by the
approximate power suppression in the mixing µe(M
2
A′) ≈ (m2µ −m2e)/M2A′ for MA′ > mµ.
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Figure 4.3: Branching ratios for the gauge bosons of a U(1)B−L (upper left), U(1)Lµ−Lτ
(upper right), U(1)Le−Lτ (lower left) and U(1)Lµ−Le (lower right) gauge group. In the
lower two panels, the branching ratio into neutrinos is indistinguishable from Br(A′ →
e+e−). See text for details. Figure taken from [262].
For a U(1)B−L gauge boson, we take advantage of the analysis in [284], where the
couplings are computed using a data-driven method based on vector-meson dominance
(VMD) for masses MA′ below the QCD scale. The flavor-universal charges lead to an
absence of A′−ρ mixing. Therefore, hadronic decays only open up once the much narrower
ω-resonance turns on at mω = 782 MeV, and below that scale, the leptonic decay rates
dominate as is evident from the upper left panel of Fig. 4.3. For masses of the A′ gauge
boson above the QCD scale, the vector dominance model breaks down at around M ′A &
1.65 GeV [284]. We rescale the R-ratio with the B − L charges above this value,
Γ(A′ → hadrons) =
∑
q Γ(A
′ → qq¯)∑
q Γ(γ
∗ → qq¯) Γ(γ
∗ → µ+µ−)R(M2A′) , for U(1)B−L , (4.16)
in which the sum extends over all quarks with masses mq < MA′/2. This matching is
good, given the expected precision of the VMD method of about 10%− 20% [284].
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A′
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e− e+
θ
Figure 4.4: (Left) Simplistic sketch of hidden photon production in an e+e− collider.
(Right) Schematic of hidden photon production in an electron beam dump experiment
like SLAC E137. Figure adapted from [262].
4.3 Collider versus beam dump searches
In the following two sections, we will give a thorough account of how limits on hidden
photons of a secluded U(1)X transfer to the gauge bosons of the four anomaly-free sym-
metries U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ and U(1)B−L. We will summarize the scalings
of he various constraints for these four groups compared to the U(1)X case in Tables B.2
and B.3.
Let us begin our discussion by reminding ourselves that in the simple case of a secluded
U(1)X the hidden photon A
′ couples only to the electromagnetic current jEMµ suppressed
by the kinetic mixing parameter , as discussed in Section 4.2. When we ask ourselves
how to search for such an A′, it seems natural to look for them in experiments where we
expect a high number of electromagnetic interactions to take place. Two natural choices
to search for GeV-scale hidden photons are collider experiments on the one side and beam
dump or fixed target experiments on the other side [359]. In order to get an intuition of
their respective sensitivity to hidden photons, we will perform a very naive comparison of
these two types of experiments in the following.
4.3.1 Naive comparison of sensitivities
For simplicity, we will restrict our naive discussion to the case of e+e− colliders and
electron beam dump experiments at this stage. Much of the following discussion is adapted
from [360] and we refer the reader to this reference for a more thorough treatment.
In an e+e− collider, an electron and positron beam of Ne particles per bunch each are
collided head on. In the hard interaction, a hidden photon A′ is produced predominantly
from radiative return [361] in association with a photon A. The corresponding diagram
of this process is shown in the left panel of Fig. 4.8. Due to momentum conservation, the
photon and hidden photon are leaving the interaction point back to back in an angle θ with
the beam axis. This situation is shown in the left panel of Fig. 4.4. In the beam dump case,
an electron beam of again Ne particles per bunch is typically dumped onto a target of some
material AZX with atomic weight A and high atomic number Z. The electrons impinging
on the target typically undergo multiple scatterings with the target nuclei. During these
electron-nucleon scatterings, hidden photons can be produced from Bremsstrahlung as
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shown in the diagram in the left panel of Fig. 4.5. If the kinetic mixing parameter  is
small, the produced A′ has a significant lifetime and interacts weakly enough to pass the
shielding following the target unhindered. As shown in the right panel of Fig. 4.4, the A′
can decay back into SM particles in an open decay volume behind the shielding – leading
to the typical signature of a very displaced vertex.
Let us estimate the collected luminosity in the two situations just discussed. In each
bunch crossing in an e+e− collider with beam cross section Ab, each of the Ne particles
in the electron bunch has Ne potential scatterers in the positron bunch. In a beam dump
the situation is a bit more subtle. In this case, the number of scatterers for the incoming
Ne electrons is given by the total number nN of nuclei per unit area of the target plus
shielding of length Lsh = Ltarget +Lshield. We can determine nN from the number density
of the shielding nsh = N0 ρsh/A times the absorber length Lsh, where N0 ≈ 1023 mole−1
denotes Avogadro’s number and ρsh is the density of the absorber. Put together, we can
estimate the collected luminosities per bunch of Ne particles to
L coll ≈ N
2
e
Ab , L
bd ≈ NeN0 ρsh Lsh
A
. (4.17)
Parametrically, we can estimate that the luminosity in a beam dump experiment per Ne
electrons is larger by a factor of
L bd
L coll
≈ N0 ρsh LshAb
ANe
≈ O(106) , (4.18)
for typical values of the quantities featuring. In realistic setups, beam dump experiments
collect around O(ab−1) of data per day [274], while e+e− collider experiments collect the
same amount of data in a decade [362, 363]. For the same beam time, this is still an
enhancement factor of O(103) in the collected luminosity.
In order to set this number into perspective, we also need to know the approximate
hidden photon production cross section σA′ in both experiments. We will postpone a
detailed analysis of the cross sections for hidden photon production in radiative return
σcollA′ to Section 4.3.3 and in electron-nucleon Bremsstrahlung σ
bd
A′ to Section 4.3.2. Hence,
we will simply quote their approximate scalings [273,275],
σcollA′ ∝
α2 2
E2CM
, σbdA′ ∝
α3 Z2 2
M2A′
, (4.19)
where we have neglected a mild log-depndence on the mass MA′ in the second term
(cf. [275]). For a typical scenario, where  ∼ 10−4, MA′ ∼ 50 MeV and a collider en-
ergy of ECM ∼ 1 GeV, we find the order of magnitude of the cross sections roughly to be
σcollA′ ∼ O(fb) and σbdA′ ∼ O(pb) [360].
In summary, we have seen that beam dump experiments not only have a largely en-
hanced luminosity compared to colliders, but also typically feature significantly higher
A′ production cross sections. The latter is mainly due to the Z2 enhancement with the
atomic number Z. This makes beam dumps prime laboratories for hidden photon searches.
With their high luminosities they are particularly suited to search for hidden photons with
small kinetic mixings . Colliders on the other hand, are sensitive in the complimentary
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Experiment AZ X E0[GeV] Lsh[m] Ldec[m] Nin Nobs N95%
CHARM 63.5529Cu 400 480 35 2.4× 1018 0 3
E137 26.9813Al 20 179 204 1.87× 1020 0 3
E141 183.8474W 9 0.12 35 2× 1015 1126+1312−1126 3419
E774 183.8474W 275 0.3 2 5.2× 109 0+9−0 18
LSND H2O 0.8 25.85 8.3 9.2× 1022 25 50
Orsay 183.8474W 1.6 1 2 2× 1016 0 3
U70/NuCal 55.8526Fe 68.6 64 23 1.71× 1018 5 7.1/4.5
SHiP 183.8474W 400 60 50 2× 1020 0 10
SeaQuest 55.8526Fe 120 5 0.95 1.44× 1018 0 3
FASER 11H 9× 107 390 10 2.3× 1016 0 3
Table 4.1: Material constants and specifications for the different beam dump experiments
looking for very displaced vertices. Future experiments are indicated by grey shading. For
the FASER setup we have assumed a run at
√
s = 13 TeV with 300 fb−1 of data.
region of rather large mixings , where beam dumps typically lose their sensitivity due
to the very short A′ lifetimes. In the following section we will analyze the collider and
beam dump search strategies in detail to understand how the corresponding hidden photon
limits translate to the cases of U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ and U(1)B−L.
4.3.2 Beam dump and fixed target experiments
As we have just argued from our naive sensitivity estimates, beam dump and fixed target
experiments provide the best sensitivity to hidden photons of a secluded U(1)X with
masses MA′ . 1 GeV for almost the complete range of kinetic mixing parameters . In
this section, we want to discuss how those experiments can constrain the hidden photon
parameter space. This will help us to understand how the existing limits and projections
for future experiments change for U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ , and U(1)B−L gauge
bosons. The material constants and specifications of the beam dump and fixed target
experiments we take into account are collected in Table 4.1.
Electron beam dump experiments
In electron beam dump experiments such as SLAC E137, SLAC E141 [275, 292, 293,
304], Fermilab E774 [294] and Orsay [295], hidden photons can be produced in the
Bremsstrahlung process shown on the left hand side of Fig. 4.5. They subsequently travel
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Figure 4.5: Hidden photon production through Bremsstrahlung (left) and meson produc-
tion (right) in beam dump experiments.
through a shielding material before decaying as sketched in the right panel of Fig. 4.4
and explained in the last section. A pedagogical step-by-step derivation of all the relevant
formulae to describe the hidden photon Bremstrahlung process is given in [360]. We will
refrain from repeating the entire detailed discussion here and only summarize the most
important formulae we used for the derivation of our limits.
The number N of hidden photon decays registered by a detector in an electron beam
dump experiment is, in principle, given by the number NA′ of produced A
′, the probability
Pdec of the A
′ to decay within the fiducial volume and the branching ratio Brdet of decays
into detectable final states. Schematically, this can be written as
N = NA′ Pdec Brdet = Ne σA′ nsh Lsh Pdec Brdet , (4.20)
where σA′ is the total A
′ production cross section, nsh the particle density in the shielding
and Lsh = Ltarget + Lshield the length of the shielding.
In the Weizsa¨cker-Williams approximation, the differential hidden photon production
cross section [275] is given by
dσ
dxe
= 4α32ξ
√
1− M
2
A′
E20
1− xe + x
2
e
3
M2A′
1−xe
xe
+m2exe
, (4.21)
where xe = EA′/Ee is the fraction of the lab frame energy of the incoming electrons carried
away by the hidden photon and in which ξ denotes the effective photon flux. The flux ξ
is a function of the beam energy, the atomic and mass numbers Z and A of the material
and the hidden photon mass MA′ [364,365]. It is given by
ξ(Ee,MA′ , Z,A) =
∫ tmax
tmin
dt
t− tmin
t2
G2(t) , (4.22)
with the virtuality t = −q2 of the photon exchanged between the electron and the nucleon
and the electric form factor G2(t).
In a beam dump experiment consisting of a shield of length Lsh and an open decay
volume of length Ldec, the probability that a produced hidden photon decays within the
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fiducial decay volume is given by
Pdec = e
−Lsh
`A′
(
1− e−
Ldec
`A′
)
. (4.23)
We see that the decay probability depends crucially on the hidden photon decay length in
the lab frame
`A′ =
βγ
Γtot
= β
EA′
MA′
1
Γtot
, (4.24)
with the relativistic boost factor γ, the velocity β and the total hidden photon decay width
Γtot. This is where a lot of the model dependence of the resulting limits originates from
due to the appearance of the total hidden photon width Γtot.
Putting everything together, we are now able to derive the total number of detectable
hidden photon decays. In the example of a dielectron final state, the number of electron
events produced from hidden photon decays in an electron beam dump experiment with
an incident electron beam of Ne electrons and energy E0 is given by [275,293]
N = Ne
N0X0
A
∫ E0−me
MA′
dEA′
∫ E0
EA′+me
dEe
∫ ρLsh/X0
0
dt
[
Ie(E0, Ee, t)
1
Ee
dσ
dxe
∣∣∣
xe=
EA′
Ee
× e−
Lsh
`A′
(
1− e−
Ldec
`A′
)]
Br(A′ → e+e−) ,
(4.25)
where X0 denotes the unit radiation length of the target material. The function
Ie(E0, Ee, t) [366,367], which is given in its general form as
Ie(E0, Ee, t) =
1
E0
[
ln
(
E0
Ee
)] 4
3
t−1
Γ(43 t)
, (4.26)
describes the distribution of the energy Ee of the incoming electrons after having passed
through t radiation lengths of material [368]. By virtue of Eq. (4.25), we can finally
determine a limit on the mixing parameter  for a given hidden photon mass MA′ from
the experimentally observed 95% C.L. limit on N .
Note that if the radiation length and the decay length are comparable the decay prob-
ability ∝ exp(−Lsh/`A′) depends on the position t (expressed in radiation lengths) where
the A′ is produced. We keep the full dependence in computing the limits in these cases.
There is also a geometric factor depending on the detector shape and size as well as the an-
gular distributions of the gauge bosons considered here. We neglect this factor for electron
beam dumps, which in the case of the secluded hidden photon amounts to a correction
of at most 10% [360]. Efficiency factors for the experimental reconstruction and experi-
mental cuts are not included in Eq. (4.25) but applied when we compute the constraints.
Details on the exact numerical derivation of our beam dump limits are further outlined
in Appendix B.2.
In adapting the bounds from searches for universal hidden photons to gauge bosons
of U(1)B−L and the groups of lepton-family number differences, we replace the branching
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ratios by the values computed in Section 4.2.3 and compute the corresponding average de-
cay length from the respective total width Γtot. In the differential cross section Eq. (4.21),
the couplings are replaced by
α32 →

α2αµe , for U(1)Lµ−Le ,
α2αeτ , for U(1)Le−Lτ ,
α2αµτ µτ (MA′)
2 , for U(1)Lµ−Lτ ,
α2αB−L , for U(1)B−L ,
(4.27)
where αij = g
2
ij/(4pi) and gij denotes the gauge coupling of U(1)Li−Lj , and αB−L =
g2B−L/(4pi). In writing Eq. (4.27) the fact that the B − L charge of electrons is −1 has
already been accounted for.
Looking at Eq. (4.27) it is clear that the electron beam dump constraints are ex-
pected to be important for U(1)Lµ−Le , U(1)Le−Lτ and U(1)B−L gauge bosons, whereas
for the U(1)Lµ−Lτ gauge boson the constraints are expected to be strongly attenuated.
In contrast, experiments with muon beams would be particularly relevant for searches of
U(1)Lµ−Lτ gauge boson. We comment on such a possibility below in the context of fixed
target experiments.
Electron (and future muon) fixed target experiments
In addition to the beam dumps discussed above, we also consider fixed target experi-
ments [300] such as APEX [303], A1/MAMI [301, 309], HPS [310], NA64 [315], VEPP-
3 [306] and DarkLight [307,311]. In these experiments production typically also proceeds
via Bremsstrahlung. However, the signal is not a very displaced vertex, but rather kine-
matic features such as, e.g. a resonance bump in the invariant mass spectrum. This arises
for example when the produced on-shell hidden photon decays into a pair of electrons.
Most of the above experiments search for visible decay products (e, µ). They target
the region where the hidden photon decays promptly. This eliminates all the non-trivial
geometric dependencies discussed above for the beam dumps. To recast the limits, we
need to keep the product of production cross section times branching ratio constant. We
do this by using the branching ratios computed in Section 4.2.3 for the decay and for the
production the replacements given in Eq. (4.27).
NA64, VEPP-3 and the invisible mode of DarkLight measure missing energy. This
provides two search regions. The first is for prompt decays into invisible particles and
the second is an essentially stable hidden photon. In the parameter region where these
experiments provide sensitivity to the gauge groups considered here, we can assume prompt
decays into neutrinos that are effectively invisible. We can then rescale as above but using
the neutrino branching ratios from Section 4.2.3.3 As it turns out, for DarkLight the
visible mode [311] is more sensitive for the gauge bosons considered here.
A future modified version of NA64 utilizing the upgraded muon beam at the CERN
SPS delivering up to 1012 muons on target has been proposed [290, 322]. Employing the
3Any hidden photon that does not decay would also be considered invisible and therefore only increase
the signal. Hence, our estimate is conservative.
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same search strategy for missing energy, this NA64µ setup will be able to set much more
severe bounds, especially in the case of U(1)Lµ−Lτ .
Proton beam dump experiments
In proton beam dump experiments, such as CHARM [291], LSND [297] and U70/Nu-
Cal [302,308], as well as fixed-target experiments, such as SINDRUM I [296], NA48/2 [312],
and the future SeaQuest [313, 314] and SHiP facilities [255, 256], hidden photons are pro-
duced in Bremsstrahlung as well as in meson decays produced in proton collisions with
the target material. Similarly, the proposed experiment FASER [369] searching for very
displaced hidden photon decays at the LHC is making use of these production mecha-
nisms. Other proposed experiments searching for long-lived particles (LLPs) at LHC are
MATHUSLA [370,371] and CodexB [372]. We expect them to have sensitivity in a similar
region. While clearly important, calculating their precise sensitivities requires a detailed
study beyond the scope of this work. We therefore will showcase the projected FASER
limits as a representative for this class of newly proposed experiments searching for LLPs
at the LHC.
The Bremsstrahlung production of hidden photons in proton beam dump experiments
is similar to the electron Bremsstrahlung process just discussed. The main difference is
that the cross section for proton collisions with the target material is usually determined
experimentally. The number of expected events for NP incoming protons with initial
energy EP can then be written as
N = NP
∫ EP−MP
MA′
dEA′
1
EP
σPA(2MP (EP − EA′))
σPA(2MPEP )
∫ p2⊥,max
0
ωA′P (p
2
⊥)dp
2
⊥
× e−
Lsh
`A′
(
1− e−
Ldec
`A′
)
Br(A′ → e+e−) , (4.28)
where ωA′P (p
2
⊥) is a weighting function relating the cross section of the 2 → 3 process
σ(P +A→ P +A+A′) to the hadronic cross section σPA of the process P +A→ P +A,
where A denotes the mass number of the target nucleus. This takes into account the
splitting P → P +A′ in the initial state. The ratio σPA(2MP (EP − EA′))/σPA(2MPEP )
relates the hadronic scattering cross section σ(P A→ P A) at the reduced center-of-mass
energy after radiation of the A′-boson to the one evaluated at the initial center-of-mass
energy. Explicit expressions for these functions can be found in [308]. The hadronic cross
section σPA is linked to the inelastic proton-proton cross section by a function f(A) via
σPA = f(A)σPP , which however drops out in the ratio in Eq. (4.28). The proton-proton
cross section σPP can then be extracted from experimental data [373,374]
4.
The upper limit of the integral over the momentum component perpendicular to the
beam axis in Eq. (4.28) is in principle given by p2⊥,max = max(E
2
P , E
2
A′) in the approx-
imation of an elastic emission P → P + A′. In practice it is, however, constrained by
the largest value for which the fit to the form factors going into the cross section σPP is
reliable.
4There is also a constraint for MA′ < 2me from hidden photon conversion in the detector material,
which is however not relevant for the masses we consider [308].
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In full analogy to the case of Bremsstrahlung in electron beam dump and fixed-target
experiments, it follows that the gauge coupling in ωA′P (p
2
⊥) ∝ α 2 is replaced by
α2 →

αµe µe(MA′)
2 , for U(1)Lµ−Le ,
αeτ eτ (MA′)
2 , for U(1)Le−Lτ ,
αµτ µτ (MA′)
2 , for U(1)Lµ−Lτ ,
αB−L , for U(1)B−L ,
(4.29)
which is suppressed for all flavors of gauged lepton family numbers, and the B−L charge
of the proton has been implicitly accounted for. In addition, as we have seen for the case
of electron beam dumps, the branching ratios Br(A′ → X) as well as the decay length `A′
are model-dependent and have to be adjusted to each case.
An additional source of hidden photons in proton beam dump experiments are decays
of mesons M produced in collisions of protons with the target material, as depicted on the
right-hand side of Fig. 4.5. For a secluded hidden photon, the number of expected events
is given by [302]
N =
NP
σ(PP → X)
∫ 1
−1
dxF
∫ p2⊥,max
0
dp2⊥A
α(xF )
dσ(PP →MX)
dxFdp2⊥
Br(M → A′γ)
× e−
Lsh
`A′
(
1− e−
Ldec
`A′
)
Br(A′ → e+e−) , (4.30)
where xF denotes the Feynman-x variable and A
α(xF ) = σ(PN → MX)/σ(PP → MX),
with the mass number A of the nuclei N of the target material. Typically, the mesons
contributing dominantly to the signal are the pseudo-scalars M = pi0, η, η′, which have
a large cross section into photons. For example, the differential meson production cross
section in proton-nucleon collisions have been measured in [375, 376] at 70 and 400 GeV,
respectively.
The cross section is normalized to the total inclusive cross section σ(PP → X), which
itself depends on the center-of-mass energy. As before, the decay length and branching
ratios of A′ depend on the underlying gauge group, and
Br(M → A′γ) = 22
(
1− M
2
A′
M2M
)3
Br(M → γγ) , (4.31)
for a secluded hidden photon. For the U(1)Lµ−Le , U(1)Le−Lτ and U(1)Lµ−Lτ gauge groups,
the corresponding expressions follow with the replacements
α2 →

αµe µe(MA′)
2 , for U(1)Lµ−Le ,
αeτ eτ (MA′)
2 , for U(1)Le−Lτ ,
αµτ µτ (MA′)
2 , for U(1)Lµ−Lτ .
(4.32)
For U(1)B−L, there is a contribution to Br(pi0 → A′γ) from kinetic mixing (which
we neglect), as well as a contribution from the mixed electromagnetic-B − L anomaly
(cf. Fig. 4.6)
L = e gB−L
16pi2 fpi
Tr
[
σ3QQB−L
]
FµνF˜
′µνpi0 , (4.33)
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Figure 4.6: Anomalous coupling of a photon and a hidden photon to a pion.
where σ3 = diag(1,−1), Q = diag(2/3,−1/3), QB−L = diag(1/3, 1/3), F˜ ′µν =
1/2 µναβF ′αβ and fpi is the pion decay constant. Since Tr[σ
3QQB−L] = Tr[σ3Q2] = 1
(including a color factor of 3), the branching ratio of pseudo-scalar mesons decaying into
a photon and a U(1)B−L gauge boson follows from Eq. (4.31) by the replacement
α2 → αB−L , for U(1)B−L . (4.34)
This result can be recovered in the VMD approach neglecting mass differences between
the vector gauge bosons [284].5
4.3.3 Collider experiments
As discussed in Section 4.3.1, a complementary way to search for hidden photons is pro-
vided by collider experiments. In this context, hidden photon searches have been con-
ducted at the LHC by ATLAS and CMS [321], as well as by LHCb [324, 325, 328], and
at e+e− colliders with BaBar [316, 323], Belle [317, 326], KLOE [318, 319, 327, 377] and
BESIII [378–380].
Hadron colliders
At the LHC, hidden photons can be produced directly through Drell-Yan production or
through the decay of heavy resonances, e.g. H → ZA′ [321]. Feynman diagrams for these
processes are shown on the left hand side and in the center of Fig. 4.7.
Limits from Drell-Yan production of hidden photons can be obtained for masses M2A >
(12 GeV)2. This cut suppresses backgrounds in the qq¯-spectrum from hadronic resonances.
The production cross section for an on-shell A′ for a given quark initial state can be brought
into the usual form
σ(qq¯ → A′) = 12pi
M2A′
Br(A′ → qq¯) . (4.35)
Production of hidden photons in Higgs decays are further constrained by the mass of the
hidden gauge boson, with the Higgs decay width given in Eq. (B.10) (see Appendix B.1).
For the decays H → γA′, there is no mass suppression ∝M2A′/M2Z , but the partial decay
5The branching ratio Br(M → A′A′) = O((MA′)4) in the case of U(1)Lµ−Lτ , U(1)Lµ−Le and
U(1)Le−Lτ , and vanishes identically for U(1)B−L in the absence of kinetic mixing, because Tr[σ
3] = 0.
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Figure 4.7: Diagrams for the production of hidden photons at hadron colliders. Drell-Yan
production (left), Higgs decays (center) and excited meson decays (right).
width is loop-suppressed. Note that Higgs decays into hidden gauge bosons at tree-level
are only possible for a non-zero kinetic mixing parameter, which we assume to vanish in the
case of U(1)B−L and to be strongly suppressed for U(1)Lµ−Le , U(1)Le−Lτ and U(1)Lµ−Lτ ,
because of the power-suppression of (M2A′) ≈ m2`/M2A′ as argued in Section 4.2.1.
Another way to produce a hidden photon is by taking advantage of the large production
cross section of heavy, excited mesons at LHCb. When such excited mesons decay into
their respective ground state, they radiate a photon. In the presence of kinetic mixing the
analogous process with the photon replaced by an A′ leads to hidden photon production,
as illustrated on the right of Fig. 4.7. The authors of [324] proposed a search through
the neutral rare charm meson decay D∗ → DA′, for which the Br(D∗ → Dγ) ≈ 35% is
particularly large, because the mass difference ∆MD = MD∗ −MD = 142.12± 0.07 MeV
leads to a phase space suppression of Br(D∗ → Dpi0) ≈ 65%. The latter also contributes to
the signal through subsequent pion decays pi0 → γA′. For secluded U(1)X gauge bosons
and a given luminosity LLHCb the number of hidden photons produced from such D
∗
decays is therefore given by
NA′ = LLHCb σ
prod
D∗
[
Br(D∗ → Dγ) 2
(
1− M
2
A′
∆M2D
) 3
2
+ Br(D∗ → Dpi0) Br(pi0 → γγ) 22
(
1− M
2
A′
M2
pi0
)2]
, (4.36)
where σprodD∗ = σ(pp → D∗ + X) denotes the D∗ production cross section. For the
U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ and U(1)B−L gauge groups, the kinetic mixing fac-
tors 2 in Eq. (4.36) are replaced by
α2 →

αµe µe(MA′)
2 , for U(1)Lµ−Le ,
αeτ eτ (MA′)
2 , for U(1)Le−Lτ ,
αµτ µτ (MA′)
2 , for U(1)Lµ−Lτ ,
αB−L/4 , for U(1)B−L and Br(D∗ → Dγ) ,
αB−L , for U(1)B−L and Br(D∗ → Dpi0) .
(4.37)
A note on LHCb displaced searches The simple coupling rescaling procedure of
Eq. (4.37) is only applicable to limits obtained from searches of prompt decays. However,
the authors of [324] have also proposed a search for displaced A′ decays in D∗ → Dγ
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Figure 4.8: Diagrams for the different production mechanisms of hidden photons at e+e−
colliders: Radiative return (left) and meson decays (right).
transitions. The derivation of these limits proceeds in analogy to the calculation of meson
decay induced beam dump limits described in Section 4.3.2. This, however, demands
knowledge of the D∗ production spectra. To our knowledge, these spectra have not yet
been measured for LHC energies of
√
s = 13 TeV and the Monte Carlo generated spectra
used in the calculations in [324] have not been published. To obtain rigorous constraints
from D∗ → Dγ transitions to the gauge groups discussed in this work, such Monte Carlo
simulations of the D∗ production spectra are required. This is, however, beyond the scope
of this work and will be left for future studies.
e+e− colliders
At e+e− colliders, hidden gauge bosons are produced through radiative return or again
through heavy meson decay. Feynman diagrams for the corresponding processes are shown
in Fig. 4.8. In the latter case, the decay widths Γ(Φ → ηA′) of the Φ-meson can be
obtained in full analogy to the D∗ → DA′ case as the initial state for the production of
the intermediate mesons plays no role. In the case of radiative return, the differential
production cross section for the U(1)X gauge boson is given by [273]
dσ(e+e− → γA′)
d cos θ
=
2piα22
s
(
1− M
2
A′
s
) 1 + cos2 θ + 4M2A′ s
(s−M2
A′ )
2
1− cos2 θ , (4.38)
where θ is the angle of the photon momentum with the beam axis (cf. left panel of Fig. 4.4).
The production cross section for gauged lepton-family number differences and U(1)B−L
follows from Eq. (4.38) with the replacements
α22 →

ααµe , for U(1)Lµ−Le ,
ααeτ , for U(1)Le−Lτ ,
ααµτ µτ (MA′)
2 , for U(1)Lµ−Lτ ,
ααB−L , for U(1)B−L ,
(4.39)
making this channel particularly relevant for all gauge groups apart from U(1)Lµ−Lτ .
For the experiments BaBar [316, 323], Belle [317, 326], KLOE [318, 319, 327, 377] and
BESIII [378–380], the decays are prompt for all relevant regions. Again we use the relevant
branching fractions from Section 4.2.3. As our hidden photons also feature invisible decays
into neutrinos, they can additionally be searched for in a mono photon (or mono-Φ)
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search [329]. Due to the lower SM background, the mono-photon searches can allow for
more stringent limits than searches for e+e− → γA′ → γ`+`− [381].
4.4 Indirect probes for hidden photons
In the previous section, we studied in detail how hidden photons can be produced at
colliders or beam bump facilities and what the relevant search strategies are. However,
hidden photons also can enter physical observables in more subtle ways. In the following,
we therefore want to discuss a selection of more indirect probes for hidden photons and
argue that they have important consequences for the hidden photon parameter space.
4.4.1 Rare muon and tau decays and Mu3e
Experiments designed to search for lepton flavor violation are in principle well-suited
to constrain the gauge groups we consider here, which all feature gauge couplings to
leptons. However, since none of the gauge bosons we consider have flavor-changing neutral
couplings, decays of the type µ+ → e+e−e+ or τ+ → µ+e−e+, etc., are not mediated at
tree-level.
More promising channels are the rare muon and tau decays into charged and neu-
tral leptons, µ+ → e+νeν¯µA′(→ e+e−) or τ+ → e+νeν¯τA′(→ e+e−). In presence of new
gauge bosons, these decays can be mediated by processes of the type as shown in Fig. 4.9.
However, these rare lepton decays are already present within the SM via the processes,
µ+ → e+νeν¯µγ∗(→ e+e−) or τ+ → e+νeν¯τγ∗(→ e+e−), etc. The most precise measure-
ments of these decays have been performed by the SINDRUM [330] and CLEO collabora-
tions [331], constraining the branching ratios to
Br(µ− → e−e+e−νeνµ) = (3.4± 0.4)× 10−5 , (4.40)
Br(τ → e e+e−νeντ ) = (2.8± 1.5)× 10−5 , (4.41)
Br(τ → µ e+e−ντνµ) ≤ 3.2× 10−5 . (4.42)
Below the muon threshold, the SM background can be reduced by requiring the hidden
photon to be on-shell. The future Mu3e experiment will probe 1015 − 1016 muon decays,
providing three to four orders of magnitude more muons than SINDRUM [334]. Projec-
tions for the expected limits from a search by the Mu3e experiment for secluded hidden
photons contributing to the process µ− → e−e+e−νeνµ have been computed in [335].
These limits take advantage of a resonance in the invariant e+e− mass spectrum and are
relevant for all gauge groups we consider.
For the example of U(1)Lµ−Lτ , the relevant diagrams are shown in Fig. 4.9. Depending
on the gauge group, there are also diagrams in which the hidden photon is radiated from the
electron leg, the electron-neutrino leg or from the W±-propagator. The latter is suppressed
with respect to inital- and final-state radiation by m2µ/M
2
W ≈ 10−6 and can be neglected.
Initial- and final-state radiation scale differently for the different gauge groups, due to the
lepton-family specific couplings. We have implemented the models in Feynrules [195] and
used MadGraph5 [196] to compute the branching ratio Br(µ+ → e+νeν¯µA′) for the different
gauge groups we consider, taking the appropriate scaling of initial and final-state radiation
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Figure 4.9: Diagram contributing to the µ+ → e−e+e−νµν¯e signal mediated by the
exchange of A′.
processes into account. We have scanned the parameter space in the coupling-mass plane
and rescaled the limits [335] to derive projected limits for a future Mu3e search.
Similarly, tau decays can provide limits on gauge bosons with couplings to taus and
electrons. To the best of our knowledge, no search for a resonance in rare leptonic tau
decays τ → eνeντA′ has been performed. We produced the corresponding branching
ratio with MadGraph5 and estimated the current and future reach, assuming a sensitivity
comparable to the error on the Br(τ → e e+e−νeντ ) measurement by CLEO and the
projected improvement by Belle II [382]. The current and projected limits are rather
weak. In the case of either a U(1)X or U(1)B−L gauge boson, current (future) searches for
tau decays probe values of 2 . 5× 10−4 (5× 10−5) and αB−L/α . 5× 10−4 (5× 10−5),
respectively. For a U(1)Le−Lτ gauge boson, the current (projected) limits are slightly
better, constraining αe−τ/α . 3 × 10−4 (3 × 10−5). Nevertheless, these constraints are
not competitive with the other constraints discussed in this section. The loop-induced
contribution of a U(1)Lµ−Lτ gauge boson to the decay τ → µν¯µντ has been considered
in [234] in order to address the deviation in the measured Br(τ → µντ ν¯µ) compared to the
SM prediction. For masses of MA′ < 10 GeV an explanation of this deviation requires a
coupling of αµ−τ/α ≈ 10−2, which is safely excluded.
4.4.2 Limits from neutrino experiments
A crucial feature of the four gauge groups U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ and U(1)B−L
setting them apart from the universal secluded U(1)X are the gauge couplings to neutrinos
of the associated gauge bosons. In this section, we will investigate how these couplings
can help to probe these models.
Neutrino trident production
The neutrino trident process νN → νN µ+µ− has been identified as an important probe
for the gauge couplings of the U(1)Lµ−Lτ gauge boson [235]. The current best limit has
been obtained by combining the measurements of the CHARM-II collaboration [343],
the CCFR collaboration [344], and the NuTeV collaboration [345]. These experiments
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Figure 4.10: Diagram for neutrino trident production of muons.
utilized νµ (ν¯µ) beams dumped on different target materials to search for neutrino trident
production. The weighted average of their respective limits normalized to the SM value is
given by
σ(νµN → νµN µ+µ−)
σSM(νµN → νµN µ+µ−)) = 0.83± 0.18 . (4.43)
In Fig. 4.10, we show the prototypical diagram due to A′ exchange contributing to this
process. For the U(1)Lµ−Lτ , U(1)Lµ−Le and U(1)B−L gauge bosons, the A′ contribution
to muon-neutrino trident production is not suppressed. The potential contribution from
a U(1)X or a U(1)Le−Lτ gauge boson is completely negligible, because the coupling to the
muon neutrino only arises through mixing with the Z.
In principle, there is an additional diagram for U(1)Lµ−Le and U(1)B−L gauge bosons
from incoming electron-neutrinos, but both the wide-band neutrino beam at CERN
(CHARM-II) and Fermilab (CCFR/NuTeV) produce 2-3 orders of magnitude more muon-
than electron-neutrinos and we can safely neglect this contribution [383, 384]. Hence, we
can directly adopt the limits from [235]. In the future, these limits can be improved by
measurements of the neutrino trident production cross section at LBNE [235], with the
INGRID detector at T2K [289], and by measurements of atmospheric neutrino trident
production with Cherenkov telescopes [385].
Borexino
Borexino is a liquid scintillator experiment measuring neutrinos scattering off electrons
[336]. The original goal of this experiment was to measure the neutrino-electron scat-
tering rate of solar electron-neutrinos reaching earth in order to determine the survival
probability Pee in neutrino oscillations. However, this measurement can also be used to
probe non-standard interactions (NSI) between the neutrinos and the target. The result-
ing constraints are irrelevant for hidden photons with suppressed couplings to neutrinos,
but relevant for any other gauge group we consider.
Using the fact that solar electron neutrinos will oscillate also into νµ and ντ , we can
use the Borexino measurements to constrain the A′ interactions with neutrinos. Limits
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Figure 4.11: Neutrino-electron scattering via A′ exchange.
for the U(1)B−L gauge boson have been derived in [337] and generalized to the case of
U(1)Lµ−Lτ gauge bosons in [289]. We adopt the method of [289] and rescale the constraints
on U(1)B−L bosons as
α2B−L →

[∑3
i,j=1 fi |(U †QµeU)ij |2
]1/2
α2µe , for U(1)Lµ−Le ,[∑3
i,j=1 fi |(U †QeτU)ij |2
]1/2
α2eτ , for U(1)Le−Lτ ,[∑3
i,j=1 fi |(U †QµτU)ij |2
]1/2
ααµτ µτ (q
2) , for U(1)Lµ−Lτ ,
(4.44)
in which f1, f2 and f3 denote the fraction of the corresponding mass eigenstates of
7Be
neutrinos at the earth [386], U is the lepton mixing matrix and Qµτ = diag(0, 1,−1),
Qµe = diag(1, 0,−1) and Qeτ = diag(1, 0,−1) are the neutrino coupling matrices. Mixing
suppressed contributions have been omitted.
TEXONO
The TEXONO collaboration has measured the elastic ν¯e − e− scattering cross section at
the Kuo-Sheng Nuclear Power Reactor with a CsI(TI) scintillating crystal array [342].
The detector is located at a distance of 28 m from the reactor core such that the flux of
incoming neutrinos can be assumed to be pure ν¯e.
The experimentally determined ν¯e − e− scattering spectrum can be used to constrain
extra scattering due to the exchange of a new light A′ boson from the diagram depicted
in Fig. 4.11. This has been done in [282, 387] for the case of a gauged U(1)B−L with a
particular emphasis on interference effects of the A′ with the SM. The determined limit on
the gauge coupling gB−L directly applies to the case of U(1)Lµ−Le and U(1)Le−Lτ , where
the first generation of leptons also carries a charge of |QLe | = 1.
COHERENT
Another sensitive laboratory for neutrino interactions is provided by coherent elastic
neutrino-nucleus scattering (CEνNS). The high sensitivity of CEνNS to NSI induced by
BSM physics [340] makes it a powerful probe of the neutrino couplings of the hidden
photons considered in this work. The enhancement in the sensitivity to neutrino-nucleus
scattering is achieved by relatively low-energy neutrinos (typically Eν . 50 MeV), which
have a wavelength comparable to the size of the nucleus. This induces an N2 enhancement
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in the cross section, where N denotes the number of neutrons in the nucleus, due to the
coherent scattering off the full nucleus rather than a single nucleon.
The COHERENT experiment has measured this process for the first time [341]. The
detector consisted of a CsI target that is exposed to neutrinos from decays of secondary
pions, which were produced from a proton beam dumped into a mercury fixed target.
The observed signal has been used in [388] to set limits on a secluded hidden photon
as well as on a U(1)Lµ−Lτ gauge boson. Furthermore, a future accelerator setup with a
COHERENT-like detector consisting of a NaI/Ar target and an assumed total exposure
of 10 t×yr has been used to derive projected sensitivities.
Charm-II
The CHARM-II detector has been exposed to the wide band neutrino beam at CERN in
order to study νµ(ν¯µ)e
− scattering. The CHARM-II collaboration has published both the
measured total number of scattering events [338] as well as the differential cross section
[339].
In [282,387] these results have been used to set a limit on the coupling constant gB−L
of a gauged U(1)B−L, again taking into account interference effects. However, from the
experimental publications, the exact neutrino fluxes seem to be unknown and the SM
prediction of the differential cross section given in [339] appears to have been determined
by a shape fit. Therefore, we are in doubt whether a rigorous calculation of the neutrino
rate R at CHARM-II is possible and whether the χ2-fit used for limit determination in [282]
is applicable. Noting this, we will show the corresponding limits by a dashed line assuming
the correct neutrino flux was used for limit calculation.
In the cases of U(1)Lµ−Le and U(1)Lµ−Lτ (for U(1)Le−Lτ no tree-level coupling to
νµ exists), first and second generation leptons carry opposite charges under the new
group. Thus, the interference term changes sign relative to the U(1)B−L case and the
full interference-sensitive limit cannot be obtained by rescaling. Therefore, we extract an
upper bound on the change in cross section ∆σlim from the limits on gB−L in [282], which
have been provided for the case of only taking into account pure A′ contributions (no in-
terference). We use this bound ∆σlim to set limits on gij where constructive interference is
expected (νµe
− scattering for both U(1)Lµ−Le and U(1)Lµ−Lτ ). A full analysis accounting
for interference should yield stronger bounds. We will leave such an analysis for future
work and simply apply our more conservative rescaling strategy.
Neutrino matter effects and Super-Kamiokande
It has been argued that new leptonic forces modify the matter potentials relevant for neu-
trino oscillations [285]. If the matter effects are changed due to new physics this should be
visible in neutrino oscillations. The water Cherenkov detector Super-Kamiokande (Super-
K) provides a strong limit on the difference between the matter potential for νµ and ντ ,
|µµ − ττ | < 0.147 [389–391]6.
6Note, that here µµ and ττ quantify the interaction strength between muon and tau neutrinos [389–
391], not to be confused with the loop-induced mixing parameters µτ , µe and eτ defined in Eq. (4.10).
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Figure 4.12: In-medium plasmon decays into a pair of fermions ψ¯ψ due to the longitu-
dinal polarization of the photon mediated by coherent oscillations of the electromagnetic
medium.
In the region of GeV-mass hidden photons A′, the matter effects are given by,
|µµ − ττ | =

4piαµe√
2GFM
2
A′
for U(1)Lµ−Le
4piαeτ√
2GFM
2
A′
for U(1)Le−Lτ ,
0 for U(1)Lµ−Lτ ,
0 for U(1)B−L.
(4.45)
For the latter two groups the measurement is insensitive because there is no difference in
the matter effects for the two considered neutrino species.
The authors of [285] also consider a potential measurement at the future Deep Un-
derground Neutrino Experiment (DUNE) [392] that could improve the limits into the
|µµ − ττ | ∼ 0.01 range, which we will use for a projection of the DUNE sensitivity.
4.4.3 Astrophyscial and cosmological probes
We will conclude our discussion of hidden photon limits by considering astrophysical and
cosmological probes. Due to their relatively light mass and their interactions with light
species (electrons, neutrinos, etc.), the hidden gauge bosons considered in this work might
play an important role in stellar cooling processes and during the evolution of the early
universe. Constraints potentially arise from the impact of hidden photons on the cooling
of white dwarfs [346], big bang nucleosynthesis (BBN) [393], supernovae neutrino bursts
as well as cosmic microwave background anisotropies.
White dwarf cooling
The most relevant astrophysical constraints for the parameter space we consider arise
from White Dwarf (WD) cooling, which is measured by observing variations of the WD
luminosity function. The WD luminosity function has been very well measured for a wide
range of bolometric magnitudes of WD stars [394–396] and hence can be used to derive
bounds on extra cooling contributions due to new physics.
The cooling of WDs proceeds mainly via photons and neutrinos. The nuclei inside a
WD can be considered as approximately forming a classical Boltzmann gas. Most of the
WD’s thermal energy is stored in this classical gas and in particular for colder WDs the
main source of energy loss is due to photon emission in the surface layer [346]. However,
for hotter WDs a second cooling process becomes important, which is due to neutrino pair
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Figure 4.13: SM electroweak processes contributing to in-medium plasmon decay.
production in the so-called plasmon decay of the photon [397] within the stellar medium.
Due to energy-momentum conservation, a photon cannot decay into a pair of fermions in
vacuum. In the stellar medium, however, the propagating photon is accompanied by a
coherent oscillation of electrons. This surrounding cloud of coherently oscillating electron
effectively induces a longitudinal polarization for the photon, which allows it to decay.
This plasmon decay is depicted in Fig. 4.12.
In order to describe the corresponding contribution to the WD luminosity function,
we have to take into account interactions of electrons with neutrinos. At the relatively
low WD core temperatures of O(keV), we can perform the analysis in an EFT approach.
The relevant operator is then given by
OWD = (ν¯γµPLν)(e¯γµe) . (4.46)
Within the SM this operator is generated by electroweak interactions of electrons with
neutrinos as depicted in Fig. 4.13. The hidden gauge bosons discussed in this chapter will
induce an additional contribution to plasmon decay due to the diagram shown in the right
panel of Fig. 4.13 with the Z replaced by an A′.
As the neutrino cooling contribution of the SM to the WD luminosity function agrees
very well with observations, we can use this to derive a constraint on the hidden photon
contribution to neutrino cooling. In Ref. [346], the corresponding limit on extra neutrino
cooling is reported as a limit on the Wilson coefficient CWD of the operator in Eq. (4.46).
This limit amounts to
1.12× 10−5
GeV2
< CWD <
4.50× 10−3
GeV2
, (4.47)
in which the upper limit corresponds to an interaction strength that leads to a trapping
of the neutrinos, which therefore effectively do not contribute to the cooling of the WD.
Note that the trapping requires a sizable interaction with electrons and the above upper
limit is probably quite conservative.
For a secluded hidden photon, the contribution to the Wilson coefficient CWD is
strongly suppressed, because a coupling to neutrinos only arises through mixing with
the Z boson,
CWD =
4pi
M2A′
α δ =
4pi
M2Z
α , for U(1)X . (4.48)
For the U(1)B−L and U(1)Lµ−Le , U(1)Le−Lτ , U(1)Lµ−Lτ gauge groups, however, the con-
tributions to the Wilson coefficient can become important for small masses and sizable
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couplings,
CWD =

8pi
3M2A′
αµe , for U(1)Lµ−Le ,
8pi
3M2A′
αeτ , for U(1)Le−Lτ ,
8pi
3M2A′
αµτ µτ (M
2
A′) , for U(1)Lµ−Lτ ,
4pi
M2A′
αB−L , for U(1)B−L .
(4.49)
Big bang nucleosynthesis
When the early universe cooled down below a temperature of T . O(1) MeV, BBN
set in and first light elements formed. From comparing simulations of late-time relic
abundances of light nuclei to the observed values, constraints on the amount of extra
dark radiation during BBN have been derived, limiting the number of effective degrees of
freedom Neff [398–400].
In principle, hidden photons can contribute to Neff in two ways. If the A
′ itself is still
relativistic at the time of BBN, it would directly contribute with ∆Neff = 3 × 4/7 ' 1.7
to Neff. However, once T .MA′ the A′ become non-relativistic and their number density
is suppressed by a Boltzmann factor ∼ exp(−MA′/T ). As we only consider masses of
MA′ > 1 MeV, our hidden photons are non-relativistic during BBN and this contribution
is strongly suppressed. The second possibility of how the hidden photons can contribute to
Neff is via couplings to neutrinos. For the case of U(1)Lµ−Lτ , the A′ gauge boson will stay
in equilibrium with ντ and νµ in the early universe. Once the A
′ becomes non-relativistic,
it transfers its entropy to the neutrinos. If this happens close to or during BBN this
provides additional energy to these relativistic neutrinos and leads to an increase in the
effective number of degrees of freedom Neff at BBN [286].
In principle, a similar effect is present also for the other gauge groups with neutrino
couplings. However, in this case also couplings to the electron and electron neutrino exist.
A robust limit would require a more detailed analysis which we leave for future work.
A note on supernova limits
Limits on hidden photons from the observation of the neutrino burst from the supernova
explosion SN1987A have been discussed in a number of papers [275,401–406] and in prin-
ciple constrain very low couplings7 (mostly for the secluded case8). However, there seem
to be significant differences in the limits obtained by different collaborations. While there
is clear need and motivation for further investigations, this is beyond the scope of this
work. Furthermore, the very low coupling regime constrained by supernova bounds is not
the focus of this work. We therefore prefer not to show any limit and instead refer the
reader to the corresponding literature.
7For strong constraints at much lower masses see e.g. [407–410].
8A limit for B-L has been given in [406] but in the region of interest to us it is based on the hidden
photon limit.
85
Chapter 4. Anomaly-free hidden gauge bosons
4.5 Results
After having discussed the various sources of constraints on hidden gauge bosons in detail,
we want to present the results for the four anomaly-free gauge groups U(1)B−L, U(1)Lµ−Le ,
U(1)Le−Lτ and U(1)Lµ−Lτ in the following section. For our analyses, we have considered
gauge bosons in the mass range of 1 MeV to 80 GeV and coupling constants of 10−2 to
10−9. Our main results are summarized in Figs. 4.15 to 4.18, showing exclusion contours
for the four different groups. For each of the considered gauge groups we show two plots.
One with the existing limits and another one with the planned and future experiments
overlaid.
For comparison we show the usual secluded hidden photon case U(1)X in Fig. 4.14. For
sizable values of the kinetic mixing parameter  & 10−3, limits from searches for prompt
decays of hidden photons A′ exist over the whole mass range considered here. Most of these
bounds are due to collider searches, which are mainly sensitive in the large-coupling region
as discussed in Section 4.3.1. Together with the bounds derived from measurements of the
electron anomalous magnetic moment (g − 2)e (shown in yellow), these prompt searches
exclude all parameter space relevant for an explanation of the excess in (g− 2)µ (depicted
by the red band) in the secluded U(1)X case. The possible contributions of a neutral
gauge boson to the anomalous magnetic moments of leptons has been discussed in detail
in Section 3.3.7. The corresponding limits for the hidden gauge bosons discussed in this
chapter can be obtained from Eq. (3.87) with the obvious replacements of the couplings
and masses.
In the low-mass and low-mixing region, limits from beam dump and fixed target ex-
periments have high sensitivity as discussed in Section 4.3.1 and exclude a large region
of parameter space. The sharp cutoff in the U70 limits at the pion threshold MA′ ∼ mpi
is expected, as in the derivation of these limits A′ production from pion decay has been
considered. The isolated islands in parameter space from dimuon resonance searches at
LHCb make use of cm-length displaced decays within the LHCb detector [325,328]. This
search provides a promising strategy to bridge the gap in sensitivity to parameter space
between the bounds from classical beam dump and collider searches. This is also empha-
sized by the projections for displaced hidden photon in inclusive dimuon final states and
in D∗ decays shown in the lower panel of Fig. 4.14. Note the features in the projected
SHiP reach in Fig. 4.14; similar to the U70 limits, for hidden photons with masses above
the pion threshold, the production through pion decays shuts off and the sensitivity for
small gauge couplings is decreased. The dips in sensitivity for masses of MA′ ∼ O(1) GeV
correspond to hadronic resonances, which increase sensitivity for small gauge couplings
and decrease it for sizable gauge couplings, as the hidden photon becomes short-lived.
Finally, let us note that the very low- region not testable at beam dump experiments
should be subject to constraints from energy loss due to neutrinos in supernova explosions
as discussed in Section 4.4.3. However, due to the ongoing discussions on the correct
derivation of these limits, we refrain from showing them here. Furthermore, this very
low-coupling region is not the focus of this work.
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Figure 4.14: Constraints from current (upper panel) and future (lower panel) experiments
on a secluded U(1)X gauge boson with kinetic mixing parameter . The red band shows
the 2σ preferred region for (g − 2)µ. The grey area in the lower plot show the current
limits. Additional constraints from supernova cooling are not shown (see Section 4.4.3).
Figure adapted from [262].
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4.5.1 U(1)B−L
Let us now consider each of the different gauge groups U(1)B−L, U(1)Lµ−Le , U(1)Le−Lτ
and U(1)Lµ−Lτ and discuss the similarities and changes of the corresponding limits with
respect to the case of a secluded U(1)X hidden photon. For a further detailed discussion of
the calculation of beam dump limits in this work and how they are related to the recasted
limits, we refer to Appendix B.2.
In the case of U(1)B−L, the beam dump, fixed target and collider limits are very similar
to the case of a secluded hidden photon. In particular, an explanation of the excess in the
muon anomalous magnetic moment (g− 2)µ is safely excluded by the existing constraints.
We note that the limit from CHARM and the LHCb displaced searches are absent because
we lacked sufficient information to adequately reproduce these limits, not because there
is a physics reason that makes these searches insensitive. However, the CHARM region is
mostly covered by other experiments as one can also see from the rescaling done in [284].
The most notable difference to the U(1)X case arises from the coupling to neutrinos.
This makes the U(1)B−L gauge boson additionally testable in a variety of neutrino experi-
ments strongly constraining the 10 to 100 MeV mass region. These bounds close the gap in
parameter space between beam dump and collider limits for small hidden photon masses.
Interestingly, these limits from neutrino experiments cover already all parameter space
that can be probed in the future with DarkLight, VEPP-3, Mu3e, MESA and MAMI.
The couplings of the hidden gauge boson to neutrinos also lead to constraints from the
cooling of white dwarfs. However, these are subdominant in the case of U(1)B−L and do
not excluded any previously unprobed region of parameter space. Furthermore, searches
for invisible decays of hidden photons can test the neutrino couplings. For example, the
BaBar invisible search (shown in light blue in the upper panel of Fig. 4.15) can close
the gaps in the searches for visible final states due to hadronic resonances. Similarly,
the Belle-II mono-photon plus missing energy search will be able to exclude couplings of
gB−L . 2× 10−5 over a large range of hidden photon masses.
In general, the most promising future probes are the beam dumps SHiP and SeaQuest
and the collider experiments Belle-II, LHCb and FASER (a similar reach is expected
for the future proposed experiments CodexB and MATHUSLA). Due to the tree-level
couplings of the U(1)B−L gauge boson to hadrons, SHiP has a similar sensitivity as in
the case of a secluded U(1)X . It can be further noted that the SHiP reach exposes the
same characteristic features as in the U(1)X like the shutting off of the A
′ production from
meson decay above the η-meson threshold or the pronounced bump at the ϕ-resonance.
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Figure 4.15: Constraints from current (upper panel) and future (lower panel) experiments
on a U(1)B−L gauge boson with gauge coupling gB−L ≡  e. The red band shows the 2σ
preferred region for (g − 2)µ. The grey area in the lower plot show the current limits.
Additional constraints from supernova cooling and BBN are not shown (see Section 4.4.3).
Figure taken from [262].
89
Chapter 4. Anomaly-free hidden gauge bosons
4.5.2 U(1)Lµ−Le
For the gauge group U(1)Lµ−Le , as well as for the other two groups of lepton-family number
differences U(1)Le−Lτ and U(1)Lµ−Lτ , one main difference to both the case of U(1)X and
U(1)B−L is the weakening of all limits from hadronic collider, beam dump and fixed target
experiments. This is due to the fact that the hidden gauge bosons of the groups U(1)Li−Lj
only interact with hadrons via loop-suppressed kinetic mixing. This is most prominently
illustrated for the example of the limit from meson decay production of the A′ at the
proton beam dump experiment NuCal. For both the cases of U(1)X and U(1)B−L the
corresponding limit has the largest mass reach of all beam dump and fixed target limits.
However, for U(1)Lµ−Le this limit is drastically weakened and is largely superseded by the
limits from the electron beam dumps Orsay and E137. Hence, we see that electron beam
dumps are much more favorable to explore very small couplings in this case. In general,
the upper boundaries of the beam dump limits are significantly less affected, because these
boundaries arises from the premature decay of the produced hidden gauge bosons in the
shielding. It therefore mostly depends on the total decay width and is less sensitive to the
details of the production mechanism. In order to increase the sensitivity towards larger
couplings, a favorable geometry is more important.
It is further noteworthy that the limits from LHCb dimuon resonance searches for
rather large boson masses are completely absent due to the loop-suppressed Drell-Yan
production of A′s at the LHC. In the high-mass region 10 GeV .MA′ .MZ , limits from
a dimuon resonance search in a four-muon final state at CMS [411] take over at much
larger couplings. These limits are depicted by the dark orange area in the inset plot in the
upper panel of Fig. 4.16. In this context, one can see that for U(1)Lµ−Le an explanation
of the excess in (g − 2)µ is excluded over the entire mass range considered here.
As is the case for U(1)B−L, interactions of the associated hidden gauge boson with
neutrinos lead to additional strong constraints. Especially strong constraints arise from
Super-K [285] due to the non-universal coupling of neutrinos to matter that modify the
neutrino oscillations. Furthermore, constraints on the elastic electron-neutrino scattering
cross section at TEXONO [282] lead to a strong bound. The neutrino bounds again help
to excluded parameter space between the collider and beam dump limits.
From the lower panel of Fig. 4.16, we can see that of the future proposed beam dump
experiments only SHiP will have some sensitivity to this scenario (in the region where it
benefits from a suitable geometry and a high boost factor). However, a dedicated run of
NA64 with a muon beam could help to exclude large parts of parameter space. The reach
for small couplings in SHiP and NA64µ is slightly diminished above the pion and the
muon threshold, respectively. Furthermore, both a search for visible as well as invisible
(mono-photon) final states at Belle-II will potentially lead to strong constraints. In the
neutrino sector, measurements of neutrino oscillation at DUNE might improve the current
bounds.
Finally, let us mention that mainly due to the strong limits from neutrino interactions,
the future experiments DarkLight, VEPP-3, Mu3e, MESA and MAMI as well as FASER
will not be able to probe any previously unconstrained parameter space.
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Figure 4.16: Constraints from current (upper panel) and future (lower panel) experiments
on a U(1)Lµ−Le gauge boson with gauge coupling gµ−e =  e. The red band shows the
2σ preferred region for (g − 2)µ. The grey area in the lower plot show the current limits.
Additional constraints from supernova cooling and BBN are not shown (see Section 4.4.3).
Figure adapted from [262].
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4.5.3 U(1)Le−Lτ
For U(1)Le−Lτ the situation is very similar to that of U(1)Lµ−Le . The most notable
difference is the absence of gauge couplings of the A′ to muons. Hence, it can only
interact with muons via loop-suppressed kinetic mixing. As a consequence, the high-mass
KLOE limit based on a muon channel as well as the CMS four-muon limit are irrelevant
in this scenario. Similarly, the future dedicated muon run of NA64 will not be able to
probe this case. Let us also note that the gauge boson of a U(1)Le−Lτ does not contribute
significantly to (g − 2)µ due to its suppressed muon-couplings. Consequently, the red
(g − 2)µ bands are absent in the plots in Fig. 4.17.
In addition to SHiP, APEX, Belle-II and DUNE, the proposed FASER experiment gains
some sensitivity compared to the U(1)Lµ−Le case. This is because above the threshold for
the heavier of the two leptons, i.e. the muon in case of U(1)Lµ−Le , the kinetic mixing is
suppressed as it evolves towards zero at large momenta. For U(1)Le−Lτ this happens only
above the tau mass. Therefore the mixing is larger in the relevant region.
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Figure 4.17: Constraints from current (upper panel) and future (lower panel) experiments
on a U(1)Le−Lτ gauge boson with gauge coupling ge−τ =  e. The grey area in the lower
plot show the current limits. Additional constraints from supernova cooling and BBN are
not shown (see Section 4.4.3). Figure taken from [262].
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4.5.4 U(1)Lµ−Lτ
Let us finally discuss the limits on the hidden gauge boson in the case of U(1)Lµ−Lτ .
This group exhibits the biggest changes compared to the case of pure kinetic mixing in a
secluded U(1)X . The reason why most of the usual hidden photon searches lose sensitivity
in this case is the fact that the associate gauge boson only has loop-suppressed couplings
to hadrons and electrons. As almost all ordinary matter (and so also the experimental
apparatuses) are composed of protons, neutrons and electrons, it is genuinely hard to
produce and detect the U(1)Lµ−Lτ boson. In this context, we can immediately see that
except for a very small region of parameter space excluded by E137 there are no constraints
from beam dump or fixed target experiments at all. By the same token, the strong limits
from resonance searches in collider experiments like Babar and LHCb are attenuated.
Instead, the search for the boson U(1)Lµ−Lτ requires some special experimental se-
tups and observational strategies. The current best limits arise from experiments and
observations that involve at most one kinetic mixing factor µτ . In the high mass region
MA′ & 2mµ, the strongest constraints arise from dimuon resonance searches in four-muon
final states at BaBar and CMS. This process is sensitive to the U(1)Lµ−Lτ case as the
boson is radiated from one muon leg and decays into an additional pair of muons. Hence,
it only involves gauge couplings and is therefore not loop-suppressed.
Below the dimuon threshold, one of the leading constraints originates from neutrino
trident production (NTP) observed at CHARM-II, CCFR and NuTeV discussed in Sec-
tion 4.4.2. The corresponding limit is shown by the dark blue area in the upper panel
of Fig. 4.18. In addition, there is a strong constraint from elastic scattering of solar
neutrinos measured with Borexino (brown area) as well as the BBN limit from [286].9
Most importantly, we note that there is still room for an explanation of the (g − 2)µ
anomaly [235]10 as can be seen in the inset plot in the upper panel of Fig. 4.18. In
particular, we notice that the white dwarf limit derived in Section 4.4.3 excludes part of
this previously unconstrained region, where (g − 2)µ can be explained.
The fact that in this scenario an explanation of the excess in the muon anomalous
magnetic moment (g−2)µ is still possible, makes the U(1)Lµ−Lτ gauge boson a particularly
attractive target for future experimental searches. The future fixed target experiment SHiP
will cover a large region of the parameter space, but it will not reach the area suggested
by (g − 2)µ excess. The additional region of projected SHiP sensitivity for MA′ > 2mµ
is a consequence of high statistics and the unsuppressed Br(A′ → µ+µ−). However, the
(g−2)µ area will be probed by coherent neutrino-nucleus scattering at COHERENT [388],
and most decisively by the proposed muon run of NA64µ [290,322].
9For this limit we show the coupling range displayed in [286] as solid. For weaker couplings the region
is hatched. A determination of the decoupling of the gauge boson in the early universe would require a
more sophisticated analysis.
10For similar discussions of explaining (g − 2)µ in the context of flavor-changing couplings, we refer to
Chapter 3 and [170,216].
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Figure 4.18: Constraints from current (upper panel) and future (lower panel) experiments
on a U(1)Lµ−Lτ gauge boson with gauge coupling gµ−τ =  e. The red band shows the
2σ preferred region for (g − 2)µ. The grey area in the lower plot show the current limits.
Additional constraints from supernova cooling are not shown (see Section 4.4.3). Figure
adapted from [262].
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4.6 Conclusions
In this chapter, we have investigated and collected phenomenological constraints on weakly
coupled gauge bosons of the anomaly-free gauge groups U(1)B−L, U(1)Lµ−Lτ , U(1)Lµ−Le
and U(1)Le−Lτ . For this purpose, we have considered a wide variety of constraints from
laboratory experiments as well as astrophysical and cosmological observations. We also
provide a survey of future planned and proposed experiments. Our main results are
summarized in Figs. 4.15 to 4.18.
Important constraints can be translated from experiments and observations limiting
hidden photons interacting only via kinetic mixing (see Fig. 4.14 and cf. also [284]). How-
ever, there are also a number of significant differences as well as special features that need
to be taken into account.
• All the gauge bosons considered in this analysis interact with neutrinos. This makes
them amenable to experiments and observations from neutrino physics, which re-
sults in important additional constraints. The reactor experiments TEXONO and
Super-K provide the leading constraints for a sizable part of the parameter space in
the case of U(1)B−L, U(1)Lµ−Le and U(1)Le−Lτ . DUNE has the potential to signifi-
cantly increase these limits for U(1)Lµ−Le and U(1)Le−Lτ . Limits from white dwarf
cooling, which have not been considered before, provide the leading constraint for a
U(1)Lµ−Lτ in the low mass region, which is slightly better than the Borexino limit.
Moreover, a future high-exposure run of COHERENT will probe substantial parts
of the (g − 2)µ explanation.
• The gauge bosons of purely leptonic gauge groups interact with hadrons only via
kinetic mixing. This kinetic mixing is automatically generated by the SM particles,
and is finite. Taking this mixing into account, those gauge bosons can also be
tested in experiments with protons and other hadrons, providing limits previously
not considered.
• A gauge boson of U(1)Lµ−Lτ has direct interactions only with the second and third
generation leptons. Again the loop-generated kinetic mixing becomes important,
but the corresponding limits are generally weaker. This shows a clear need for
experiments that directly use muons or taus. Particularly since this gauge group
still allows for a viable explanation of the (g − 2)µ anomaly.
Going beyond the existing experiments, we can look towards a bright future. Proposed
experiments like SHiP, SeaQuest, LHCb, CodexB, FASER, MATHUSLA, Belle-II, a muon
run of NA64, Mu3e as well as neutrino experiments such as DUNE and COHERENT,
will explore large and interesting areas of parameter space and thereby provide many
opportunities for a discovery.
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Chapter 5
Exploring the dark matter
connection of hidden photons
The content of this chapter corresponds to work done in a previous study that is pub-lished as Ref. [412]. In this context, we have extended previous work by considering
a vector-like fermion χ charged under a U(1)Lµ−Lτ symmetry instead of a dark U(1)X .
Building on our own results of Ref. [262], we consider the full set of constraints on the
associated hidden gauge boson in addition to the bounds on the DM particle χ. Nearly
all results in this chapter, including the plots and tables as well as a significant part of the
text, are identical to that in the publication.
5.1 Introduction
One of the most fundamental shortcomings of the SM is the absence of a viable can-
didate for DM. However, we know today that the fraction of the energy density of the
universe attributed to non-luminous DM is approximately five times higher than the one
due to ordinary baryonic matter. Historically, the observed discrepancy in the velocity
distribution of galaxies in the coma cluster, which motivated Zwicky in 1933 [413] to spec-
ulate on the presence of a large fraction of DM, was the first of a series of experimental
evidences for DM. Today we have ample evidence for the existence of DM from galaxy
rotation curves [414–418], gravitational lensing [419–421], temperature fluctuations in the
CMB [21, 422, 423] or baryon acoustic oscillations [424]. However, even in light of the
recent determination of the cosmic DM relic abundance with unprecedented accuracy to
ΩDMh
2 = 0.120± 0.001 [21], the true nature of DM remains unknown.
Pinning down the exact properties of DM has hence inspired a myriad of particle
physics models. One class of particularly well-studied DM candidates are WIMPs (see [425]
for a recent review). Lately, rather stringent bounds on heavy WIMPs [62, 68, 426] have
lead to increased interest in the (sub-)GeV mass range [427–433], where many of the strong
constraints can be evaded. One such class of models is that of a dark sector charged under
a new, secluded U(1)X symmetry. In these models, dark sector particles are only coupled
to the SM via kinetic mixing of the new dark gauge boson with the SM hypercharge
boson [156,265,434–436].
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As we have seen in Chapter 4, considering the case of a gauged U(1)Lµ−Lτ symme-
try instead of a purely secluded dark U(1)X , the ∼ 4σ excess of the anomalous muon
magnetic moment (g − 2)µ observed at the BNL E821 experiment [93, 94, 232, 233] can
still be explained. This leads us to the interesting question, whether this excess could be
the imprint of new physics with a possible link to DM. In this chapter, we hence study
an extension of the U(1)Lµ−Lτ model considered in Chapter 4 by adding a (vector-like)
Dirac fermion χ charged under the new symmetry as a candidate for DM. Making the DM
particle χ transform under a non-chiral representation of U(1)Lµ−Lτ cancels all potential
gauge anomalies. The fact that χ is charged under U(1)Lµ−Lτ instead of a dark U(1)X
will have important consequences for the DM phenomenology. In such a model, the DM
particle couples mainly to muons, taus and neutrinos, but only via loop-suppressed ki-
netic mixing to electrons and hadrons. In particular, this means that the DM freeze-out
abundance is primarily set when χ falls out of chemical equilibrium with the neutrinos.
Typical DM direct detection bounds are drastically weakened in this model as they rely
on elastic DM-electron and -nucleon scattering, which are both loop-suppressed.
In the literature, DM charged under a U(1)Lµ−Lτ symmetry has been studied for heavy
(weak-scale) WIMPs [352, 437–442]. However, in this chapter we explore the MeV mass
range. The purpose of this work is to show that there the (g− 2)µ anomaly [235,252,347,
443] and the observed DM relic abundance ΩDMh
2 can simultaneously be explained. This
is not possible in the simple secluded dark sector scenario.
A similar scenario has been considered earlier in Ref. [444]. However, this approach
differs in three crucial aspects: i) As was done in Chapter 4, we fully take into account
unavoidable loop-induced kinetic mixing −Y /2 BˆµνXˆµν of the new gauge boson with the
SM hypercharge boson. ii) While the scenario explaining the EDGES anomaly presented
in [444] requires a charge hierarchy of at least O(102), we do not impose any charge
hierarchies larger than already present in the SM (i.e. O(10)). Instead we focus on the
case of Qχ = 1. iii) We include and calculate the full set of constraints on the associated
hidden photon A′ previously discussed in Chapter 4.
In the remainder of this chapter, we first introduce the model in Section 5.2 and
discuss its chemical and kinetic decoupling from the SM plasma in the early universe.
In Sections 5.3 and 5.4, we study constraints on the DM particle χ from astrophysical
and cosmological observations, as well as from laboratory experiments. In Section 5.5, we
briefly outline the impact of the DM particle on the hidden photon constraints considered
in Chapter 4. Finally, we present the results of our analysis and conclude in Section 5.6.
5.2 Adding dark matter in a U(1)Lµ−Lτ model
Starting out from the minimal anomaly-free setup of an extra U(1)Lµ−Lτ symmetry treated
in Chapter 4, we add a new SM-singlet fermion χ that transforms under a non-chiral
representation of the new symmetry. Hence, under the full gauge symmetry SU(3)C ×
SU(2)L × U(1)Y × U(1)Lµ−Lτ , both the left- and the right-handed components of the
vector-like field χ transform as
χL/R ∼ (1,1, 0, Qχ) . (5.1)
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As the left- and right-handed chiral components of a fermion always contribute with
opposite sign to the anomaly coefficients of mixed and pure gauge anomalies, the addition
of such a vector-like fermion will preserve anomaly cancellation in the U(1)Lµ−Lτ model
independent of the choice of Qχ. The full Lagrangian of this model is then given by
Eq. (2.32) extended by the interaction and mass term1 of the new field χ,
Lχ = −gµτQχ χ¯γµχ Xˆµ −mχχ¯χ . (5.2)
As χ is only charged under U(1)Lµ−Lτ and not under U(1)Y , it does not contribute to the
loop-induced kinetic mixing µτ (q
2) of Eq. (4.10) (cf. also the discussion in Section 2.3.1).
Analogously to Chapter 4, we are interested in the light regime MA′ < MZ , where the
hidden photon will only decay into fermionic final states with the partial decay widths
given in Eq. (B.9). In this chapter, we take mχ < MA′/2 so that the hidden photon has
an additional decay mode into a χ¯χ final state. Compared to the hidden photon width
ΓA′,0 in the minimal setup of Chapter 4, the total width is increased by the χ¯χ contribution
ΓA′ = ΓA′,0 +ΓA′→χ¯χ. The additional χ¯χ channel will also increase the invisible branching
fraction of the A′, making this scenario more sensitive to invisible searches.
5.2.1 Thermally averaged cross section
In order to study the DM phenomenology of the extra fermion χ, we will require knowledge
of the thermally averaged DM annihilation cross section 〈σv〉. In the following we will
derive an approximate expression for 〈σv〉 in the case of mχ  MA′ . We will discuss
the limits of applicability of this approximate relation and also introduce the general
expression.
Velocity expansion
For our model we can derive approximate expressions for the thermally averaged anni-
hilation cross section by performing a low velocity expansion σvrel = arel + brel v
2
rel + ....
A step-by-step prescription of how to obtain the corresponding expansion coefficients has
been given in [446]. Keeping only the leading term arel (as the annihilation processes
proceed via s-wave scattering) we find the approximate expression
〈σv〉χχ¯→ff¯ = g2fA′ g2µτQ2χ
Nfc
2pi
√
1− m
2
f
m2χ
2m2χ +m
2
f(
M2A′ − 4m2χ
)2
+ Γ2A′M
2
A′
, (5.3)
where Nfc denotes the color factor of the final state and the coupling of the A′ to the final
state fermion f in the mass basis is given by
gfA′ =
gµτ Qf , for fermions charged under U(1)Lµ−Lτ ,
µτ (q
2) eQEMf , for fermions coupling via kinetic mixing .
(5.4)
1In this chapter we are not studying explicitly the scalar breaking of the U(1)Lµ−Lτ and hence treat
mχ and MA′ as effectively free parameters. For studies of the impact of the extra scalar in hidden photon
models see e.g. [434,445].
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χ
χ¯
A′, Z
f
f¯
A′, Z
χ χ
f f
Figure 5.1: Feynman diagrams of processes relevant for early universe cosmology. (Left)
DM annihilation into a ff¯ final state relevant for setting the freeze-out relic abundance.
(Right) Elastic scattering of the DM particle χ off the SM fermion f responsible for keeping
the DM and SM sector in kinetic equilibrium.
Note that in order to obtain the expression for DM annihilation into massless left-handed
neutrinos, the expression in Eq. (5.3) has to be divided by a factor of 2 due to the missing
right-handed component.
The above expression Eq. (5.3) is a good approximation of the thermally average
DM annihilation cross section as long as the DM mass lies well below the A′ mass pole
mχ  MA′/2. However, in this chapter we will be interested in exploring the near-
resonance region mχ . MA′/2 as this is phenomenologically particularly appealing. In
[447] it has been shown that some care has to be taken when using the velocity expansion
in the thermal average near a pole in the cross section. Hence, we will have to calculate
the exact thermal average whenever we are interested in the near-resonance scenario.
Full thermal average
The full thermal average of the DM annihilation cross section can be calculated following
[448] from the expression
〈σv〉CM = x
2 [K21 (x) +K
2
2 (x)]
∫ ∞
2
dz σ(z2m2χ)(z
2 − 4)z2K1(zx) , (5.5)
where x = mχ/T and z =
√
s/mχ and Kn(x) are the modified Bessel functions of the
second kind.
The general cross section of the process χχ¯→ ff¯ shown in the left panel of Fig. 5.1 can
be expressed as
σA′(s) = g
2
fA′ g
2
µτQ
2
χ
Nfc
12pi
√
s− 4m2f
s− 4m2χ
s2 + 2 (m2χ +m
2
f ) s+ 4m
2
χm
2
f
s
(
(s−M2A′)2 + Γ2A′M2A′
) , (5.6)
with gfA′ as in Eq. (5.4). In principle, there are also contributions to the cross section
from Z-mediation and the interference term. These contributions are, however, generically
suppressed by at least a factor of µτ/gµτ ×M2A′/M2Z relative to the A′ contribution and
therefore may safely be neglected below the Z resonance.
Kinetic decoupling
As we will later be interested in calculating the thermally averaged annihilation cross
section 〈σv〉 at the time of recombination we will have to track the temperature Tχ of the
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DM gas after chemical decoupling (i.e. freeze-out) during the evolution of the universe.
After chemical decoupling elastic scattering processes as depicted in the right panel of
Fig. 5.1 will still energetically equilibrate the DM with the SM sector. Therefore, the DM
gas will still be in local thermal equilibrium with the SM plasma and essentially track the
plasma temperature T [449]. Only after elastic scattering has become inefficient the two
sectors are kinetically decoupled and the temperature of the DM gas will evolve as that
of non-relativistic matter. In [450] the functional form of the DM temperature evolution
Tχ(T ) has been derived from first principles. Approximating the zero-momentum elastic
scattering amplitude |M|2t=0 ∝ cn(ω/mχ)n by the leading power n of the energy ω of the
scattered heat bath particle and the corresponding expansion coefficient cn, one finds
Tχ
T
=
{
1− z
1/(n+2)
n+ 2
exp(z)Γ[−(n+ 2)−1, z]
}
z= a
n+2
(
T
mχ
)n+2 , (5.7)
where Γ is the incomplete Gamma function and the parameter a is defined as
a =
∑
f
(
5
2(2pi)9g?
) 1
2
gfSMcnN
+
n+3
MPl
mχ
, (5.8)
with the functional form of N+n+j given in Appendix B of [450]. The sum runs over all
scattering partners f with gfSM internal degrees of freedom and g? denotes the heat bath
relativistic degrees of freedom [451]. By means of Eq. (5.7), the temperature at kinetic
decoupling Tkd is finally found to be
Tkd
mχ
=
((
a
n+ 2
)1/(n+2)
Γ
[
n+ 1
n+ 2
])−1
. (5.9)
For details on the derivation of kinetic decoupling and the evolution of the DM temperature
we refer the reader to [450].
With this formalism at hand and the low energy behavior of the elastic DM-SM scat-
tering amplitudes given by
cfn=0 = g
2
fA′ g
2
µτQ
2
χ
4Nfc m4f
M4A′ + Γ
2
A′M
2
A′
, for massive fermions f , (5.10)
cfn=2 = g
4
µτQ
2
χ
8m4χ
M4A′ + Γ
2
A′M
2
A′
, for massless neutrinos ν , (5.11)
we can track the evolution of the DM temperature down to kinetic decoupling and below.
5.2.2 Relic abundance
As we want the new vector-like fermion χ to play the role of DM, we will have to calculate
its relic abundance Ωχ in the universe today. In the model under study here, the DM-SM
interactions are sizable enough for the gas of DM particles χ to have been in chemical
(and kinetic) equilibrium with the SM heat bath in the early universe. In the following,
we will summarize how this condition can lead to a non-zero DM relic abundance from
freeze-out of equilibrium annihilation processes.
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Boltzmann equation
Kinetic theory tells us that the evolution of phase-space density f(~p, ~x, t) of a particle
species is in general governed by the Boltzmann equation (BE),
L[f ] = C[f ] , (5.12)
where the left-hand side is the Liouville operator [452]
L[f ] =
(
∂
∂t
+
~p
m
· ∇~x + ~F · ∇~p
)
f , (5.13)
describing the total net rate of f . The right-hand side of the BE is the collision term
describing the loss and gain of particles due to interactions with other particle species.
In a homogeneous and isotropic Friedmann-Lemaˆıtre-Robertson-Walker (FLRW) back-
ground it is reasonable to assume that the particle distribution function will, however,
only depend on t and E, so that f = f(t, E). Then the Liouville operator simplifies to
L[f ] =
∂f
∂t
−H |~p|
2
E
∂f
∂t
, (5.14)
where H = a˙/a is the Hubble expansion rate and a denotes the scale factor of the universe.
Ultimately, we are not interested in the phase-space distribution f(t, E) of the DM but
rather in its number density
n =
∫
f(t, E)
gχd
3p
(2pi)3
, (5.15)
with gχ denoting the number of spin degrees of freedom of the particle χ. We can derive
a BE for n by integrating Eq. (5.12) over the DM momentum. The integrated Liouville
operator reads ∫
L[f ]
gχd
3p
(2pi)3
= n˙+ 3Hn . (5.16)
Integration over the collision term will leave us only with the inelastic contributions [448]
from χχ¯ ff¯ processes as shown in the left diagram of Fig. 5.1. We can then write the
integrated collision term for the annihilation of two particles, 1 and 2, into two others, 3
and 4, as∫
C[f1]
gχd
3p
(2pi)3
=
∑
spins
∫ [
f1f2(1±f3)(1±f4)|Mχχ¯→ff¯ |2−f3f4(1±f1)(1±f2)|Mff¯→χχ¯|2
]
× (2pi)4δ(4)(Pi − Pf )
4∏
i=1
d3pi
(2pi)32Ei
. (5.17)
With the two expressions Eqs. (5.16) and (5.17) at hand, we can derive a very elegant
equation for the DM number density nχ under the assumption that the created SM prod-
ucts ff¯ go quickly into equilibrium with the SM bath and by using unitarity and the
principle of detailed balance in equilibrium (cf. Ref [448] for a detailed derivation). If one
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further substitutes the definition of the cross section in the collision term, the BE for nχ
finally reads
n˙χ + 3Hnχ = −〈σv〉
2
(n2χ − n2χ,eq) . (5.18)
However, in writing Eq. (5.18) we have to take care of treating the decrease in number
density caused by the expansion of the universe, which is manifest in the term proportional
to the Hubble expansion H. In defining the quantity Y = n/s, where s = S/a3 is the
entropy density of the universe, we can go into the comoving frame and treat the Hubble
expansion implicitly. Here, we assume absence of entropy production S˙ = 0. If we then
change from our time variable t to x = mχ/T , with the photon temperature T , the BE
can very elegantly be written as
dY
dx
= −
(
45
pi
G
)− 1
2 g
1/2
? mχ
x2
〈σv〉
2
(
Y 2 − Y 2eq
)
, (5.19)
where G is the gravitational constant and g? denotes the effective degrees of freedom of
the universe [451].
Freeze-out
At the temperature xf , when the interaction rate Γ = n 〈σv〉 drops below the Hubble rate
H, the right-hand side of Eq. (5.19) becomes negligible. Thus, the density Y does not
change anymore and becomes approximately constant. On the other side, the equilibrium
density is given by [453]
Yeq =
45
2pi4
(pi
8
) 1
2 gχ
gs
x
3
2 e−x , (5.20)
where gs denotes the number of entropy degrees of freedom. From this expression it
becomes clear that the equilibrium density falls off exponentially with increasing temper-
ature x. However, we just saw that for x > xf the density Y remains constant and cannot
track the equilibrium density anymore. Hence, the density Y falls out of equilibrium and
freezes out.
In order to obtain this freeze-out density for our DM candidate χ, we have implemented
our model in Feynrules [195]. We then use the program package MadDM v.3.0 [454] to solve
the differential equation Eq. (5.19) numerically to obtain the freeze-out temperature xf
and density Yf at chemical decoupling. From these values the asymptotic DM density Y0
at present time can be found from
1
Y0
=
1
Yf
+
(
45
pi
G
)− 1
2
∫ x0
xf
g
1/2
? mχ
x2
〈σv〉
2
dx . (5.21)
Finally, the present-day relic abundance of the DM particle χ can be obtained from the
present-time density Y0 via
Ωχ =
ρχ
ρcrit
= 8piG
mχs0Y0
3H20
, (5.22)
where quantities with subscript zero refer to their present-time values.
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5.3 Astrophysical and cosmological constraints
With the discussion of the relevant tools to compute thermally averaged cross sections,
as well as the chemical and kinetic decoupling of χ in the previous section, we are now
ready to study the phenomenology of the DM particle χ charged under U(1)Lµ−Lτ . In
the following section, we will discuss constraints on the DM parameter space arising from
various astrophysical and cosmological observations. the results of our analysis of these
constraints are summarized in Figs. 5.5 to 5.7 in Section 5.6.
5.3.1 Big bang nucleosynthesis
In the early universe, weak interactions kept neutrons and protons in chemical equilibrium
via the reactions n + ν  p + e− and n + e+  p + ν¯. However, once the temperature
of the primordial plasma dropped below O(1) MeV, weak interactions became inefficient,
neutrons and protons fell out of chemical equilibrium and the neutron-to-proton ratio
froze out [455]. Only then neutrons and protons started binding together and formed light
elements - the big bang nucleosynthesis (BBN).
The epoch when weak interactions became inefficient is mainly controlled by the ex-
pansion rate of the universe in the radiation domination era,
H2 =
8piG
3
ρR . (5.23)
Here, G again refers to the gravitational constant and the energy density stored in radiation
can be written as
ρR = ργ
[
1 +
7
8
(
T 0ν
Tγ
)
Neff
]
, (5.24)
where ργ is the photon energy density, T
0
ν and Tγ denote the neutrino and photon tem-
peratures, respectively, and Neff are the effective number of neutrinos.
In Section 4.4.3, we have discussed how the presence of a light neutrino-coupled hid-
den photon A′ affects Neff during BBN. We will now consider the impact of a light DM
candidate coupled to neutrinos. In the model studied here, the fermionic WIMP χ with
gχ internal degrees of freedom is kept in thermal equilibrium with neutrinos via the A
′-
mediated interactions. In this case, the effective number of neutrinos can be parametrized
as [456]
Neff(yν) =
(
T 0ν
Tγ
)−4(
Tν
Tγ
)4 [
Nν +
gχ
2
I(yν)
]
, (5.25)
where we have defined yν = mχ/Tν , and T
0
ν and Nν refer to the temperature and number
of neutrinos in the SM. In this scenario, the neutrino-to-photon temperature ratio can be
expressed as
Tν
Tγ
=
(
T 0ν
Tγ
)[
Nν +
gχ
2 F (yν |TD)
Nν +
gχ
2 F (yν)
] 1
3
, (5.26)
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Figure 5.2: Evolution of the temperature ratio Tν/Tγ with the photon temperature Tγ .
The black solid lines shows the evolution in the standard cold DM cosmology (ΛCDM).
The red and the blue line assume a (Majorana) DM particle in equilibrium with neutrinos.
For a DM mass of mχ = 5 MeV (blue line), thermal decoupling of the DM gas from the
neutrinos happens partly during BBN and part of the reheating energy can be transferred
to the photons. For mχ = 0.05 MeV (red line), decoupling happens fully after BBN and
DM only reheats the neutrinos. Figure taken from [456].
with the integrals
I(y) =
120
7pi4
∫ ∞
y
dξ
ξ2
√
ξ2 − y2
eξ + 1
, (5.27)
F (y) =
30
7pi4
∫ ∞
y
dξ
(4ξ2 − y2)
√
ξ2 − y2
eξ + 1
, (5.28)
and the neutrino decoupling temperature TD.
In general, the extra particle χ will reheat the neutrino gas when χ becomes non-
relativistic at a temperature T ∼ mχ and thus lead to a higher neutrino-to-photon ratio
Tν/Tγ than in the SM. If χ becomes non-relativistic before neutrino decoupling at tem-
peratures Tγ > TD part of the reheating will take place when photons and neutrinos are
still in equilibrium and hence the photon will also be partially reheated [456]. This leads
to a moderate increase in the final Tν/Tγ (cf. e.g. blue line in Fig. 5.2).
However, as illustrated by the red line in Fig. 5.2, if the reheating takes place fully after
neutrino decoupling the final Tν/Tγ will have significantly increased. This increase in the
temperature ratio will in return lead to an elevated Neff and therefore to a higher energy
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Figure 5.3: Variations of the relic 4He abundance Yp and the deuterium-to-hydrogen ratio
D/H with the mass of the DM particle mχ. The green solid and dotted lines show the
scenario of the DM particle being a real or complex scalar, and the green dashed and
dash-dotted lines of being a Majorana or Dirac (this work) fermion, respectively. The hor-
izontal black dotted lines illustrate the predicted abundances for Nν equivalent (massless)
neutrinos. Figure taken from [457].
density ρR, as can be seen from Eqs. (5.24) and (5.25). As a consequence of the thus
increased Hubble expansion rate (cf. Eq. (5.23)), the weak interactions maintaining chem-
ical equilibrium between neutrons and protons will become inefficient earlier and hence
the neutron-to-proton ratio will freeze out earlier. This will lead to a higher neutron abun-
dance at BBN. These additional neutrons will be efficiently synthesized into stable 4He
and in turn will lead to an increase in the observed helium relic abundance Yp. On similar
grounds, an increased expansion rate of the universe will also lead to an earlier freeze-out
of processes depleting the created deuterium abundance. A measurable consequence of
this will be an elevated deuterium-to-hydrogen ratio D/H in the late-time universe. Both
these effects are nicely summarized by the plots in Fig. 5.3.
These expected deviations from their respective SM predictions have been confronted
with first results from the Planck satellite [458] for extra light Dirac fermions in [457,459].
The analysis of [459] excludes extra light fermions χ with masses below
mχ . 9.28 MeV , (5.29)
assuming that χ has been in thermal equilibrium with the neutrinos all throughout BBN.
This constraint can not be applied anymore once the DM particle starts to decouple
kinetically from the neutrino gas at BBN temperatures of TBBNγ ≈ 1 MeV. Therefore, we
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have scanned the decoupling temperature Tkd of χ as a function of the coupling constant
gµτ for mχ ≤ 9.28 MeV by use of Eq. (5.9) and only plotted the limit in the region where
Tkd(gµτ ) ≤ TBBNν .
5.3.2 Cosmic microwave background
The cosmic microwave background (CMB) radiation formed at the time of last scattering
of photons, before they decoupled from the primordial plasma. However, as the photon gas
did not decouple instantaneously but rather during some finite period, the surface of last
scattering has a finite width (in time). A significant increase in the post-recombination
ionization of the plasma due to DM decays would in turn lead to extra free electrons
and photons broadening this last scattering surface. Such a broadening would modify the
temperature and polarization power spectra of the CMB [460] and hence should be visible
in measurements of these spectra with e.g. the WMAP [461] or Planck [462] satellite.
In order to use this to constrain the interactions of the DM particle χ, we have to
quantify the energy of the DM decays that proceeds into the plasma. The amount of
additional energy released per unit volume [463] is given by
dE
dt dV
(z) = 2gρ2critc
2Ωc(1 + z)
6Pann(z) , (5.30)
with the model-dependent DM annihilation parameter
Pann(z) = f(z)
〈σv〉
mχ
. (5.31)
Here, f(z) is a redshift-dependent efficiency factor characterizing the fraction of rest-mass
energy released into the gas. This has been calculated for the case of electrons and photons
in [463, 464] for several models via DM cascade decays into stable particles. However, as
current CMB data is only sensitive to energy injection during a rather narrow range of
redshifts, z ∼ 1000 − 600, one can neglect the redshift dependence and take feff to be
constant over the time that the CMB formed. For electron and photon final states these
constant coefficients have been calculated in [465] as a function of energy. Using these,
a mass-dependent effective efficiency factor quantizing the amount of energy proceeding
into photons and positrons can be derived,
feff(mχ) =
1
2mχ
∫ mχ
0
E dE
[
2 fe
+e−
eff (E)
dNe+
dE
+ fγeff(E)
dNγ
dE
]
, (5.32)
where dNe+/dE and dNγ/dE are the positron and photon spectra, respectively. In [465]
these coefficients have been provided for various annihilation channels down to DM masses
of O(GeV).
The annihilation parameter has been recently constrained to
Pann < 3.5× 10−28 cm3s−1 GeV−1 , (5.33)
by the very precise measurement of the CMB angular temperature and polarization power
spectrum with the Planck satellite [21]. This constitutes an improvement of the limit of
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about 17% over previous results [466]. For mχ > 5 GeV we have used this bound together
with the effective efficiency factors feff provided in [465] to robustly constrain 〈σv〉 by
virtue of Eq. (5.31).
However, these efficiency factors have been calculated only for mχ & 5 GeV in [465].
As we are mainly interested in MeV-scale DM, we will apply the somewhat conservative
bound of 〈σv〉/mχ < 5.1×10−27cm3s−1GeV derived in [467] for mχ . 5 GeV. Taking into
account the recent 17% improvement of the Planck limit this bound reduces to
〈σv〉
mχ
< 4.35× 10−27cm3s−1GeV−1 , (5.34)
as the annihilation parameter Pann is linear in 〈σv〉.
5.3.3 Dwarf spheroidal galaxies
Dwarf spheroidal galaxies in our local group expose rather significant DM densities [468].
These objects of high DM densities are therefore of particular interest in the study of DM
annihilations. Typically, pairs of DM particles can annihilate into SM particles as shown
in the left panel of Fig. 5.1. These decay products usually further decay down in cascades
into stable electrons, positrons and photons. If the DM particle is assumed to be a WIMP
it can typically produce highly energetic gamma rays due to its high mass. These products
can in turn be searched for in gamma ray telescopes.
Given a model of DM, we can determine the spectrum of gamma ray photons dNγ/dE
from its different decay channels
dNγ
dE
=
∑
f
Brf
dNfγ
dE
, (5.35)
where Brf is the branching fraction of the DM annihilation into final state f and dN
f
γ /dE
the corresponding yield of gamma ray photons. Before we can use the gamma ray photon
yield within dwarf galaxies as a constraint on the DM particle, we still need to know the
exact DM density of a given dwarf galaxy.
It has been demonstrated by use of N -body simulations that the DM densities of
spheroidal galaxies independent of their halo mass are well described by a Navarro-Frenk-
White (NFW) profile [469]
ρDM(r)
ρcrit
=
δc
(r/rs)(1 + r/rs)2
, (5.36)
where rs is some scale radius, δc is a characteristic density and ρcrit = 3H
2/8piG is the
critical density for closure. With this knowledge of the local DM density ρDM(r) of dwarf
spheroidal galaxies, the flux of gamma ray photons observed in a solid angle ∆Ω at the
Fermi Large Area Telescope (Fermi-LAT) is given by [470]
φs(∆Ω) =
1
4pi
〈σv〉
2m2DM
∫ Emax
Emin
dNγ
dE
dEγ︸ ︷︷ ︸
particle physics
×
∫
∆Ω
∫
l.o.s
ρDM(r)
2dldΩ′︸ ︷︷ ︸
J−factor
. (5.37)
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The second term is the line of sight integral through the DM distribution, the so-called
J-factor, and only depends on astrophysics. These J-factors have been well studied in the
literature for the Milky Way dwarf galaxies and can be extracted from e.g. [471]. Therefore,
provided knowledge of the differential photon yield per DM annihilation dNγ/dE one can
place stringent limits on 〈σv〉 from the different DM annihilation channels. By making use
of Eq. (5.37), this has been done for individual final states of DM annihilations in [470,472].
5.3.4 Cosmic ray positron flux
The Cosmic Ray (CR) positron fraction has been accurately measured at the international
space station with the AMS-02 detector [33, 34]. The findings of the AMS-02 experiment
exhibit a rise in the positron spectrum at energies above ∼ 10 GeV. This confirms earlier
hints found by PAMELA [30] and Fermi-LAT [32]. While there is still an ongoing debate
on whether nearby pulsars could efficiently source enough high energy positrons to explain
this rise in the positron spectrum [473,474], typical sources of CR positrons are supernova
explosions accelerating the Interstellar Medium (ISM) or inelastic scatterings of primary
CR charged particles like protons and nuclei with the ISM [475].
An alternative explanation of the observed rise in the positron fraction could be due to
annihilations and decays of DM particles as was argued for example in [265,266]. Typically,
in such models the DM particle is a rather heavy WIMP (mDM ∼ O(100) GeV) coupled to
a GeV-mass mediator, which would naturally lead to enhanced annihilation cross sections
into leptonic final states while suppressing hadronic ones. In this chapter, however, we
rather want to use the high accuracy measurement of the positron fraction at AMS-02 to
constrain the various annihilation channels of the light DM particle χ. In that sense, CR
positrons are a complementary astrophysical probe to gamma ray photons in the study of
DM interactions.
Positrons injected by DM annihilations can be described by the source term
QDM =
1
2
〈σv〉
(
ρχ
mχ
)2∑
f
Brf
dNf
e+
dE
, (5.38)
where dNf
e+
/dE denotes the produced positron spectrum from an f¯f final state in analogy
to the gamma ray spectrum of Eq. (5.35). The AMS-02 data has been used in [467] to set
an upper limit on 〈σv〉 for different single final-state annihilations. As the DM particle
χ studied in this chapter annihilates into e+e− pairs only via kinetic-mixing suppressed
interactions, dominant positron injection results mainly from secondary leptonic decays of
τ+ and µ+ of the corresponding dilepton final state. From the analysis of [467], we find
that the most stringent bound is set from secondary positron injection originating from
the muonic DM annihilation final state. The resulting constraint on the DM annihilation
cross section into muons is shown by the brown line in Figs. 5.5 to 5.7.
5.3.5 Cosmic neutrino fluxes
To conclude the section of astrophysical and cosmological probes, we will investigate the
potential observational impact of DM interactions with neutrinos. If the DM particle
χ is indeed charged under a local U(1)Lµ−Lτ gauge group, it necessarily interacts with
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neutrinos either via annihilation (cf. left diagram of Fig. 5.1) or elastic scattering (cf. right
diagram of Fig. 5.1). In this chapter, we are considering DM candidates with O(MeV)
masses, such that annihilations of the DM particles into a pair of tau- or muon-neutrinos
is kinematically always possible. In fact as the DM particle is significantly heavier than
neutrinos mχ  mν , these annihilations will create a pair of monochromatic neutrinos
with exactly the energy of the DM mass Eν = mχ.
We can utilize such DM-neutrino interactions as a possible DM detection signal. As-
suming that DM annihilation in the Milky Way halo produce such pairs of neutrinos, in
analogy to Eq. (5.37) we obtain a corresponding differential neutrino flux at earth of
dφ
dEν
= Ri
〈σv〉
2m2DM
δ(Eν −mχ)×
∫
∆Ω
∫
l.o.s
ρDM(r)
2dldΩ′ , (5.39)
where the factor
Ri ≈
{
1/5 , for νe ,
2/5 , for νν , ντ ,
(5.40)
accounts for the flavor ratios of the neutrinos due to oscillation between production and
detection [476].
One way to search for these neutrinos produced in DM annihilations in detectors is
to search for inverse beta decay, where a ν¯e scatters off a free proton within the fiducial
volume of the detector and produces a free neutron and positron. In particular, the low-
threshold search for supernova relic neutrinos at the Super-Kamiokande water Cherenkov
detector was used to look for positrons in the energy range 18 − 82 MeV. This data has
been reinterpreted to set limits on the thermally averaged cross section of DM particles
with dominant neutrino interactions [477, 478]. We will show the corresponding limit in
our exclusion plots in Section 5.6.
Using a projected improvement in the fiducial detector volume of a factor of ∼ 25 and
a background reduction of a factor of ∼ 5 due to 0.1% of gadolinium doping of the water
detector, the sensitivity of the planned Hyper-Kamiokande experiment to DM-induced
neutrino fluxes has been explored in Ref. [479]. We have used the results of this study in
order to derive a projected limit on the DM particle χ studied here.
5.4 Laboratory constraints
Complementary to the indirect search for cosmic signals as remnants of DM interactions,
hypothetical couplings of the DM to SM particles are put to the test in laboratory direct
detection experiments. In this section, we will discuss the sensitivity of electron and
nucleon scattering experiments on a DM particle χ carrying charge under U(1)Lµ−Lτ .
5.4.1 Nuclear scattering
One of the first strategies to search for DM interactions was to search for the nuclear recoil
from elastic DM-nucleus scattering [480]. The differential rate of recoils in such a direct
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detection experiment can be parametrized [481] as
dR
dEnr
=
σN ρχ
2mχ µ2χN
F (q)2
∫ ∞
vmin
f(v)
v
dv , (5.41)
where σN is the elastic DM-nucleus scattering cross section, ρχ denotes the local DM
density, µχN = mχmN/(mχ + mN ) is the DM-nucleus reduced mass and F (q) denotes a
form factor accounting for the finite size of the nucleus. The function f(v) describes the
distribution of the DM speed relative to the detector and vmin = (mNEnr/2µ
2
χN )
1/2 is the
minimum speed of the DM particle to result in a recoil Enr [482]. The recoil energy per
scattering depends quadratically on the momentum transfer q,
Enr =
q2
2mN
. (5.42)
Similar to the hidden photon case of a secluded U(1)X , kinetic mixing of the hyper-
charge boson with the U(1)Lµ−Lτ gauge boson induces a non-zero elastic DM-nucleus
scattering cross section [483],
σN =
1
pi
g2µτ 
2
µτ (q
2)µ2χN
∣∣∣∣∣f
(A′)
N
M2A′
− sin θW f
(Z)
N
M2Z −M2A′
∣∣∣∣∣
2
, (5.43)
where
f
(X)
N =
1
A
(
Z (2guX + gdX) + (A− Z) (guX + 2gdX)
)
. (5.44)
Here, A and Z refer to mass and atomic number of the nucleus and gqX = gqXL + gqXR
denotes the sum of the chiral couplings [439] of the quark q to the boson X = (A′, Z) in
the mass basis. In models of gauged lepton-family number differences with kinetic mixing,
as e.g. U(1)Lµ−Lτ , these couplings read to leading power in the kinetic-mixing parameter
µτ and the mass parameter δ defined in Eq. (4.7)
gqZL/R = gZ
(
T3 − sin(θW )2QEM
)
, (5.45)
gqA′
L/R
= −gZ tan θW µτ (q2)QEM
(
1− sin(θW )2
)
+O(µτ δ) . (5.46)
In direct detection experiments the recoil spectrum of the target nuclei is then measured
and utilized to constrain induced recoils from an elastic DM-nucleus cross section σN .
The current best such limit on the DM-nucleon scattering cross section comes from the
1 t×yr exposure dataset of the XENON1T experiment [68]. The XENON detector is a time
projection chamber consisting of a cylindrical tank filled with 3.2 t of liquid xenon (LXe)
instrumented above and below by arrays of photomultiplier tubes. The active volume is
further defined by a cathode and a gate electrode, which provide a drift field for ionized
electrons. With this setup, XENON is able to measure the nuclear recoil both from ionized
electrons and prompt scintillation photons, which are generated from the relaxation of the
electrons of the excited xenon atoms back into their ground state.
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The typical momentum transfer of a cold DM particle with v ∼ 10−3 producing such
nuclear recoil signals is to good approximation given by q ∼ mDMv. In the case of MeV-
mass light DM, then the typical recoil energy of a nucleus with mN ∼ 10 GeV scales
as [484]
EN =
q2
2mN
≈ 1 eV
( mDM
100 MeV
)2 (10 GeV
mN
)
. (5.47)
However, typical setups searching for elastic DM-nucleon interactions, like liquid xenon
detectors, have O(keV) thresholds [485]. These lie significantly above the typical light
DM recoil energies. Consequently, nuclear scattering experiments are mainly sensitive to
WIMPs with masses of mχ ∼ few 10 GeV. Nevertheless, with the experimental sensitivity
expected to improve over the coming years, we can employ nuclear scattering techniques
to probe light WIMP scenarios from the high-mass end of the spectrum.
In this spirit, we use the XENON1T limit on σN to constrain the parameter space
of the DM particle χ. The proposed DARWIN experiment will follow a similar design
concept as XENON and due to its planned total amount of 50 t of LXe will be able to
probe even smaller cross sections [486]. In our analysis we will include projections for the
expected DARWIN sensitivity.
5.4.2 Electron scattering
In canonical WIMP models with DM particles of weak-scale masses, direct detection of
elastic DM-nucleus scattering quite severely constrain the WIMP parameter space. Even
in the case of pure leptophilic DM that only interacts with electrons but not with quarks,
the DM-nucleus interactions induced at one- and two-loop will impose more stringent
bounds than those from direct detection of DM-electron scattering [487]. However, nuclear
scattering loses all its sensitivity for sub-GeV DM candidates as discussed in the previous
section, and we need to explore complementary strategies to search for these particles in
direct detection experiments. Considering instead elastic DM-electron scattering, there
are mainly two atomic processes that seem promising in detecting light DM interactions:
• Electron ionization. If the DM particle scatters off an electron bound in an atom
in the detector target material, this might ionize the electron and kick it out of
the atom. The corresponding signal would be individual electrons, which could
be observed [488]. A particularly promising way to test this is in semiconductor
materials. There the electron only has to be excited to the conduction band and
then can induce a secondary signal from drifting and scattering due to an applied
electric field [489].
• Electronic excitation. Similarly, if the scattered electron is not kicked out of
the atom, but rather excited to a higher electronic level, it can emit a secondary
photon from de-excitation [490]. Such DM-induced photon emission can potentially
be detected from the scintillation light of e.g. xenon detectors [491].
In order to use these electronic processes to constrain potential DM-electron interactions,
we have to calculate the corresponding scattering cross section. In a model-independent
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way we can parametrize a reference cross section for DM-electron scattering as [484]
σ¯e =
µ2χe
16pim2χm
2
e
|Mχe(q)|2
∣∣∣
q2=α2m2e
× |FDM(q)|2 , (5.48)
where |Mχe(q)|2 denotes the spin-averaged DM-electron scattering matrix element,
FDM(q) is a DM from factor and q = αme is a momentum transfer appropriate for atomic
processes. For our model of a DM particle χ charged under a U(1)Lµ−Lτ , kinetic mix-
ing of the associated hidden photon A′ with the SM photon leads to a non-zero elastic
DM-electron scattering. In our case of MA′ > me, the DM form factor is found to be
FDM(q) = 1 and the relevant scattering cross section reads
σ¯e =
16pi µ2χeα 
2
µτ (q
2)αµτ
(m2A′ + α
2m2e)
2
, (5.49)
where µχe denotes the electron-DM reduced mass. The typical momentum transfer in DM-
electron scatterings will be of q ∼ O(αme)  mµ,mτ [489]. Hence, the kinetic mixing
will be constant in the relevant kinematic region,
µτ (q  mµ,mτ ) ≈ −e gµτ
4pi2
log
(
mµ
mτ
)
. (5.50)
One way to test this DM-electron scattering cross section is in ionization in the silicon
and germanium crystal detectors of the future SuperCDMS SNOLAB experiment [492].
In [489] it has been pointed out that making use of both the measurement of phonon and
ionization energy deposited in the crystal one can distinguish nuclear from electron recoil
signals. This allows SuperCDMS to search specifically for DM-electron scattering events
and put quite stringent constraints on the DM-electron scattering cross section for MeV-
scale DM. However, as in our model the DM particle χ interacts with electrons only via
loop-induced kinetic mixing, SuperCDMS will not be able to test unconstrained parameter
space.
5.5 Hidden photon constraints
The model of a light vector-like DM particle χ discussed here is based on an extension
of the minimal model of anomaly-free gauged U(1)Lµ−Lτ symmetry studied in Chapter 4.
As such, this model is still subject to all the constraints on the associated hidden gauge
boson A′ discussed in Chapter 4. Hence, in order to obtain a complete picture of the
phenomenology of this model we also have to take into account the effects of the DM
particle χ on the hidden photon observables.
As we discussed briefly in Section 5.2, adding an extra DM fermion χ with mass
mχ < MA′/2 will lead to an increase of the hidden photon width due to the extra decay
channel A′ → χχ¯. At a fixed hidden photon mass MA′ and coupling constant gµτ , the
increased width will reduce the A′ lifetime compared to the minimal case. This means
that the hidden photon will decay faster and therefore can in principle shift the sensitivity
of beam dump experiments towards smaller coupling values at a given mass. However,
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Figure 5.4: Branching ratio of the U(1)Lµ−Lτ boson into visible and invisible final states.
(Left) The branching ratios in the minimal model without DM. In this case the invisible
final state is given by the neutrinos νµ and ντ . The visible final states consists mainly
of muons and taus. (Right) The branching ratios with a vector-like DM particle χ with
mass ratio mχ/MA′ = 0.45 and charge Qχ = 1. In this case the invisible final state also
contains the DM χ.
due to the additional decay channel into DM particles, the overall branching fraction into
invisible final states will increase compared to the minimal case. This is illustrated by the
two plot in Fig. 5.4. In the left panel we show the visible and invisible final states in the
minimal model without DM. The right panel shows the case with DM. It is clearly visible
that compared to the minimal model, here the invisible final states dominate the hidden
photon decays below the ditau threshold. In general, this makes searches for invisible
decays of the A′ more sensitive to DM scenario and decreases the sensitivity of visible
searches.
With this discussion in mind, we will consider all constraints on the hidden photon
discussed in Chapter 4 in our analysis. To re-derive the limits for the DM scenario, we have
to replace the hidden photon width ΓA′ and the branching ratios with the corresponding
expressions taking into account the presence of the new particle χ. In general, we will thus
expect limits derived from visible searches to weaken and those from invisible searches to
become more stringent. Finally, we will expect no effect on limits from e.g. elastic neutrino
scattering measurements or white dwarf cooling that test the couplings themselves, but
are insensitive to the A′ branching fractions and total width.
5.6 Results
In the following section we present and discuss the results of our analysis of the combined
hidden photon and DM parameter space in a model of gauged Lµ − Lτ number. In our
study of this model, we have fixed the ratio of the DM mass to the hidden photon mass
mχ/MA′ . This allows us to present constraints on the model both from DM and hidden
photon searches in the gµτ −MA′ plane. This way of presenting the limits is particularly
suited to see the interplay and complementarity of DM and hidden photon searches on the
parameter space of this model. While in the literature models of fermionic DM coupled
to a vector mediator are usually studied in an off-resonance scenario of mχ/MA′ = 1/3,
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Figure 5.5: Current (upper panel) and future (lower panel) constraints on the combined
parameter space of a U(1)Lµ−Lτ gauge boson and vector-like fermion of charge Qχ = 1 for
mχ/MA′ = 0.33. Figure taken from [412].
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one central goal of this chapter is to investigate how the phenomenology of such a model
changes in the near-resonance region. In Fig. 5.5 we show the limits of our analysis in
the Standard Benchmark (SB) scenario of mχ/MA′ = 0.33. For comparison, we have
performed a second analysis in a Near-Resonance (NR) scenario with mχ/MA′ = 0.45 and
a DM charge of Qχ = 1. The corresponding NR limits are shown in Fig. 5.6.
The greyscale contours (dotted lines) in the upper (lower) panels of Figs. 5.5 and 5.6
show current (projected) hidden photon constraints that were discussed in detail in Chap-
ter 4. The constraints from white dwarf cooling (WD), neutrino trident production (NTP),
and elastic neutrino scattering experiments (Borexino, COHERENT, CharmII) are com-
pletely unaffected by the presence of the DM particle χ. This is due to the fact that the
corresponding observables directly probe the couplings of the hidden photon A′ to SM
particle (electrons, muons, neutrinos), but are not sensitive to the A′ width or branching
ratio, where the effect of χ would show up. Hence, the corresponding limits in both the
SB and NR scenario are exactly the same as in the minimal U(1)Lµ−Lτ model discussed
in Section 4.5.4.
Constraints from searches of visible decays (e.g. BaBar/CMS 4µ, SHiP, etc.) are
generally weakened due to the reduced visible branching fraction of the A′ as discussed
in Section 5.5. Conversely, constraints from invisible searches (e.g. NA64 µ, LDMX M3)
become more stringent as the decay into a pair of DM particle contributes to the invisible
final state. If the mass of the DM particle χ is close to resonance mχ ≈MA′/2 both effects
are less pronounced as the decay A′ → χχ¯ becomes phase-space suppressed.
The colored contours (solid lines) in the upper (lower) panels of Figs. 5.5 and 5.6
represent current (projected) limits from DM searches. While at low masses the most
stringent limit is due to constraints on Neff at BBN (yellow), the high-mass region is
most constrained by the Xenon1T (magenta) limit on kinetic-mixing induced DM-nucleon
scattering. In the intermediate mass region between the Neff and Xenon1T limits, a
combination of measurements of gamma rays at Fermi-LAT (cyan), positron fluxes at
AMS-02 (brown) and energy injection into the CMB (blue) at Planck yield the most
constraining limit on the DM particle χ. However, in this intermediate region the most
stringent constraints on the model come from hidden photon searches in four-muon final
states at BaBar and CMS, as well as the NTP limit on A′. Furthermore, we see that
the projected limits from DM-electron scattering at SuperCDMS (yellow line), as well as
the future expected bounds from cosmic neutrinos observed at Hyper-Kamiokande (green
line) will not be able to test previously unprobed parameter space.
The red curve represents points in parameter space where the relic abundance of the
particle χ accounts for all of the DM, Ωχ = ΩDM. Points above the red curve, i.e. larger
couplings at a given DM mass mχ, correspond to regions where χ is a subcomponent of
DM, Ωχ < ΩDM. This can be made intuitively plausible, as lager couplings lead to a more
efficient DM annihilation process during freeze-out. This kept the DM longer in chemical
equilibrium with the SM sector in the early universe, such that freeze-out happened later
and lead to a smaller relic abundance.
First, we note that in the SB scenario an explanation of ΩDM is ruled out in the entire
mass range considered here if the DM carries unit charge Qχ = 1. Only by increasing
the charge of χ to Qχ = 10, the DM relic abundance can be explained in the range
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Figure 5.6: Current (upper panel) and future (lower panel) constraints on the combined
parameter space of a U(1)Lµ−Lτ gauge boson and vector-like fermion of charge Qχ = 1 for
mχ/MA′ = 0.45. Figure taken from [412].
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28 . MA′ . 50 MeV. For this situation the corresponding relic density and the CMB
bound are shown by the dashed red and blue curves in the upper panel of Fig. 5.5.
On the other hand, in the NR scenario we can accommodate an explanation of ΩDM
in the range of 20 . MA′ . 85 MeV with unit DM charge2 (see inset plot in the upper
panel of Fig. 5.6). Interestingly, the entire region where χ can account for the whole DM
relic abundance allows for a simultaneous explanation of the (g − 2)µ anomaly (the green
band corresponds to the preferred 2σ region). This region is consistent with the latest
bounds from DM energy injection into the CMB. In particular, it is even unaffected by the
theoretically maximum possible CMB bound (dotted blue in the upper panel of Fig. 5.6)
obtained from assuming that visible DM annihilation products inject all of their energy
into the CMB. From the lower panel of Fig. 5.6, we can see that this particularly interesting
low-mass region will be testable at the future muon beam experiments NA64µ [290] and
LDMX M3 [444,493].
Finally, to study the effect of different DM charges on the phenomenology of this
model, we have performed an addition analysis for the NR scenario with Qχ = 3. The
corresponding exclusion plot is shown in Fig. 5.7. In this case, due to the relatively high
partial width into χχ¯ final states, the branching fraction of the hidden photon into visible
final states is significantly decreased. As a consequence the limit from the four-muon
resonance search by CMS [411] drastically weakens. While in the case of Qχ = 1 the DM
relic abundance could not be explained for masses of MA′ & 85 MeV, the weakening of
the CMS limit opens up a window for a high-mass explanation of ΩDM in the region of
16.5 . MA′ . 30 GeV3 for charges of Qχ = 3 or higher (see Fig. 5.7). Interestingly, this
region grows upon increasing the ratio mχ/MA′ up to mχ = MA′/2. The reason that
ΩDM is still viable below the model-independent lower bound on the DM mass of mχ & 20
GeV (cf. Ref. [467]) is twofold: first, the particle χ has a sizable invisible annihilation
branching fraction into neutrinos, which do not leave any imprint on the CMB in this mass
range [467]. Second, the Fermi-LAT bound we applied is conservative in the sense that we
have used a single final-state limit on 〈σv〉 obtained for 100% branching fraction into taus.
In the inset plot of Fig. 5.7, we show projections of future direct detection experiments
for the NR scenario with Qχ = 3. We can see that the high-mass region where ΩDM is
explained can be tested by the future XenonNT (magenta line) [494] and Darwin (orange
line) experiments [486].
In summary, our analysis showed that in the SB scenario, often considered in the
literature, an explanation of the DM relic abundance ΩDM is excluded in the whole MeV
to a few GeV DM mass range for unit charges Qχ = 1. However, in the NR scenario of
mχ/MA′ = 0.45, the DM relic abundance ΩDMh
2 and the observed excess in the muon
anomalous magnetic moment (g − 2)µ can simultaneously be explained in the mass range
of 20 .MA′ . 85 MeV. In particular, future muon beam dump facilities like NA64µ and
LDMX M3 will be essential for putting such an explanation to the test.
2We note that for mass ratios mχ/MA′ < m
BBN
χ /2mµ ≈ 0.044 an explanation of (g − 2)µ is excluded
by the Neff bound.
3In the intermediate-mass region of 3 . MA′ . 5 GeV the DM relic abundance ΩDM is also not yet
excluded. However, this is most probably an artifact of our conservative estimate of the CMB bound below
mχ = 5 GeV [467] explained in Section 5.3.2.
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Figure 5.7: Same as upper panel of Fig. 5.6, but for Qχ = 3. Figure taken from [412].
For higher values of the DM charge of Qχ & 3 there might be still some room for an
explanation of ΩDM in the region of 16.5 .MA′ . 30 GeV, which eventually will be tested
by direct DM-nucleus scattering at XenonNT and Darwin.
119

Chapter 6
Conclusions
As the quest for new physics continues, thorough phenomenological studies makinguse of the full complementarity of astrophysical, cosmological and particle physics
observations will become more and more important. These will be essential for identifying
interesting directions in BSM theories or, in turn, to rule them out. Asking the question
of how new physics could be incorporated into the well-established SM in a consistent way,
one can identify the dimension-four portal interactions as being of special relevance.
With the vector portal interaction serving as a starting point, we started out in this
thesis to investigate the phenomenology of extra abelian gauge symmetries as simple mod-
els of a (possibly) more fundamental, UV-complete BSM theory. Such models of extra
U(1) symmetries are theoretically well-motivated from various UV completions of the SM
like string or GUT models. Depending on the concrete realization of these models, the
low-energy phenomenology of the associated gauge bosons can drastically alter. This calls
for a systematic study of such models at various energy scales, potentially giving us deeper
insight into the underlying UV theory.
In the first part of this thesis in Chapter 3, we studied an effective U(1) model of a
heavy Z ′ mediator (i.e. MZ′ > MZ) with exclusively flavor-changing couplings. In this
scenario, we investigated in a systematic way the effect of combined leptonic and hadronic
Z ′-induced FCNCs. In this context, meson mixing as well as rare meson decays are
particularly sensitive to such flavor-changing effects. For the leptonic couplings, flavored
lepton decays, LEP measurements and muonium oscillations are sensitive probes.
We found that for a generic chirality structure of the Z ′ couplings, meson mixing
quite severely constrains off-diagonal quark couplings. However, we could show that these
constraints are attenuated by cancellation effects for certain chirality structures. In the
cases where cancellation occurs, resonance searches in different-flavor dilepton final states
at the LHC can impose strong bounds on the combined parameter space of lepton and
quark flavor-changing couplings.
In the lepton sector, the case of a non-zero flavor-changing coupling in the µτ sector
proved particularly interesting. For suited chirality, this allows for an explanation of the
excess in the anomalous magnetic moment of the muon (g−2)µ. Furthermore, it can help
to explain the tension in the observed tau decay ratio into muons over electrons compared
to its SM expectation.
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For the future, we have identified the tau decay channels τ± → `± (pi0K0/pi±K∓) as
particularly promising for the study of simultaneous lepton and quark flavor changing-
couplings.
Going to smaller mediator masses, MeV-scale hidden photons A′ as the associated
gauge boson of a secluded U(1)X symmetry with purely kinetic mixing induced couplings
to the SM have been particularly well-studied in the literature. In Chapter 4, we have
collected and where necessary reanalyzed constraints on such hidden photons. Most hidden
photon constraints either originate from beam dump and fixed target experiments sensitive
to small couplings and masses, or from collider experiments, which can constrain large to
moderate couplings over a very large range of masses. We used these previous studies and
applied them to a broader class of hidden gauge bosons of anomaly-free U(1) symmetries
under which SM particles are allowed to carry charge. In this context, we focussed on
the four groups U(1)B−L, U(1)Lµ−Le , U(1)Le−Lτ and U(1)Lµ−Lτ , which are anomaly-free
with the SM field content.
Most prominently, these groups differ from the minimal secluded hidden photon case in
their gauge couplings to neutrinos. These help to probe the usually unconstrained region
of parameter space for moderate hidden photon masses at couplings which are too small to
yield a signal at colliders, but too large for the hidden photon to decay within the fiducial
volume of beam dump experiments. In this context, the most relevant neutrino experi-
ments are Super-Kamiokande and TEXONO, and in the future COHERENT and DUNE.
The groups of lepton-family number differences U(1)Lµ−Le , U(1)Le−Lτ and U(1)Lµ−Lτ are
generally difficult to probe at experiments that use hadronic production of the A′, due to
the loop-suppressed kinetic mixing induced coupling to hadrons.
The hidden photon of the group U(1)Lµ−Lτ is particularly difficult to probe as it only
has loop-suppressed couplings to both hadrons and electrons. In particular, this still leaves
room for an explanation of the (g − 2)µ excess. We demonstrated that constraints from
white dwarf cooling can rule out part of the relevant parameter space.
In an extension of this phenomenologically appealing U(1)Lµ−Lτ model by a fermionic,
vector-like DM candidate χ, we studied the combined DM and hidden photon constraints
on the corresponding parameter space in Chapter 5. For this study we considered a
multitude of DM probes ranging from the number of effective neutrinos Neff at BBN over
cosmic fluxes of photons, positrons and neutrinos to direct detection experiments. Our
results show that in the standard benchmark considered in the literature of a mass ratio of
mχ/MA′ = 1/3, the particle χ cannot explain the observed relic DM abundance ΩDM with
unit charges Qχ = 1. However, in scenarios where the DM particle is close to resonance
mχ . MA′/2, a simultaneous explanation of the relic abundance ΩDM and the muon
anomalous magnetic moment (g − 2)µ is possible. This makes the U(1)Lµ−Lτ scenario
of particular interest for future searches. The relevant region of parameter space where
ΩDM and (g− 2)µ are explained can be probed in the future with dedicated muon runs of
e.g. NA64 and LDMX.
Motivated by the renormalizable vector portal interaction, we started out to study
a number of general U(1) extensions of the SM. We saw that such models of extra U(1)
symmetries can have a very rich phenomenology and typically are testable at a large variety
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of different experiments. Particular coupling choices make such extra U(1) symmetries
attractive candidates for explaining the (g − 2)µ excess. If the upcoming results of the
currently running E989 experiment at Fermilab should confirm the (g − 2)µ excess at
the 5σ level this will make future searches of the U(1) bosons all the more important as
independent tests of new physics.
From a bottom-up perspective, it is important to systematically scrutinize consistent
extensions of the SM as possible windows on new physics. While in this context the vector
portal motivates the study of U(1) models, universality dictates complementary investi-
gations of e.g. extended scalar sectors or sterile neutrinos as motivated by the Higgs and
neutrino portals, respectively. Conversely, top-down approaches trying to UV-complete
the SM, like e.g. string theory or grand unification, provide an independent strategy of
constructing consistent theories for new physics. Experimentally challenging the predic-
tions of such consistent models for new physics, we might hope to close down on the true
nature of BSM physics in the future.
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Appendix A
Higher order effects and Monte
Carlo details
A.1 Higher order effects in cancellation
In Section 3.3.1 we have discussed meson mixing limits in the context of a new Z ′ boson
with exclusively flavor violating couplings defined by the Lagrangian in Eq. (3.2). We
saw that the relevant operators inducing meson mixing are generated at tree level in such
a model. Furthermore, we argued that there are solutions of the coupling ratio ρq for
which the mixing exactly cancel. In the following we will investigate higher-order effects
contributing to mixing and its impact on the cancellation.
A.1.1 NLO effects
Electroweak loop-diagrams as shown in Fig. A.1 give rise to corrections of the Wilson
coefficients Ci of the four-quark operators in Eqs. (3.17) to (3.19). Let us define the
Wilson coefficients of the corresponding operators as
CVLL1 =
(
gLqiqj
)2
M2Z′
RVLL1 (µ) , (A.1)
CVRR1 =
(
gRqiqj
)2
M2Z′
RVRR1 (µ) , (A.2)
CLR1 =
gLqiqj g
R
qiqj
M2Z′
RLR1 (µ) . (A.3)
In the following we study the various corrections to these coefficients Ci. There are three
independent one-loop contributions we take into account. Apart from the processes shown
in Fig. A.1 we also consider these diagrams with the Z replaced by a SM Higgs or an
additional Z ′ (only the right diagram).
127
Appendix A. Higher order effects and Monte Carlo details
qi
q¯j
qj
q¯i
Z ′
Z
qi
q¯j
qj
q¯i
Z ′ Z
Figure A.1: One-loop mixing diagram giving rise to higher order corrections of the four-
quark operators Eqs. (3.17) to (3.19). The same diagrams exist also with the Z replaced
by a Higgs boson. A third correction comes from the right diagram with the Z exchanged
by a second Z ′.
Higgs loop contribution
First, we will consider a SM Higgs h as the additional boson in the loop. The important
feature of the Higgs is that it flips the chirality of the fermion at the vertex. Therefore,
the Higgs introduces operator mixing in the sense that the Higgs correction to the Wilson
coefficient of e.g. operator OVLL1 will be proportional to OLR1 . A short calculation of the
contributions from the one-loop diagrams in Fig. A.1 with the Z replaced by the Higgs
leads to the estimate
δCi
(h) ∼ 1
8pi2
m2q
v2
log
(
Mh
MZ′
)
Cj ∼ 10−7 Cj , (A.4)
where we have used mq = 1 GeV and MZ′ = 1 TeV to obtain the last relation. Hence,
operator mixing due to NLO Higgs exchange is an effect roughly of the order of 10−7 and
therefore much too small to be of any concern as will become clear in the following.
Z loop contribution
Next, we consider the Z contributions due to the diagrams of Fig. A.1 as is. Structurally,
the coupling of the Z and Z ′ are the same, so we do not introduce any mixing amongst
operators of the kind δCi ∝ Cj . Analogously, an order of magnitude estimate yields for
the correction to the Wilson coefficients
δCi
(Z) ∼ 1
2pi2
(gZq )
2 log
(
MZ
MZ′
)
Ci ∼ 10−3 Ci , (A.5)
where we have assumed for the coupling of the quark to the Z a conservative value of
gZq = 0.1 and MZ′ = 1 TeV to obtain the last relation. The correction due to the Z loop is
much larger than the Higgs contribution. We further note that the correction of the Wilson
coefficient is proportional to the Wilson coefficient itself due to the absence of operator
mixing. This implies that the correction will be universal for all Wilson coefficients and
hence only shift the value of cancellation solution ρ0 and tolerance interval I0.
Z′ loop contribution
Finally, we consider the case of a pure Z ′-induced loop diagram. In this case only the right
diagram of Fig. A.1 will contribute to generic meson mixing. The diagram on the left only
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contributes for mesons consisting of a quark-antiquark pair of the same flavor. As before
we can estimate the order of magnitude of the correction to the Wilson coefficients
δCi
(Z′) ∼ 1
4pi2
(gZ
′
qq′)
2 Ci ∼ 10−2 (gZ′qq′)2 Ci . (A.6)
This contribution is in the same ballpark as the Z contribution, but it introduces higher
powers of the Z ′ coupling. This changes the structure of Eq. (3.21) fundamentally and
could possibly destroy the cancellation effect.
A.1.2 Numerical stability of cancellation
We will now examine whether the correction due to a Z ′ loop can spoil the cancellation
solution ρq. As the correction is of the order of δCi/Ci ∼ 10−2 we will assume that the
exact cancellation solution can be approximated by a perturbation series
ρ = ρ0 + δρ+ higher orders . (A.7)
As we have just seen, the Wilson coefficients at one-loop level due to Z ′ corrections
schematically read
C
(Z′)
i ∼
(
1 +
1
4 pi2
g2
)
Ci . (A.8)
Hence the full cancellation equation at one-loop level becomes
0 =
[
CVLL1 P
VLL
1 (1 + ρ
2
q) +
(
CLR1 P
LR
1 + C
LR
2 P
LR
2
)
ρq
]
g2R ← tree-level relation
+
1
4pi2
[
CVLL1 P
VLL
1 (1 + ρ
4
q) + C
LR
1 P
LR
1 ρ
2
q
]
g4R . ← 1-loop correction (A.9)
If we then define the tree-level and one-loop terms as
f(ρq) =
[
CVLL1 P
VLL
1 (1 + ρ
2
q) +
(
CLR1 P
LR
1 + C
LR
2 P
LR
2
)
ρq
]
g2R , (A.10)
h(ρq) =
1
4pi2
[
CVLL1 P
VLL
1 (1 + ρ
4
q) + C
LR
1 P
LR
1 ρ
2
q
]
g4R , (A.11)
we find for the correction to the cancellation solution from perturbation theory
δρ = − h(ρ0)
f ′(ρ0) + h′(ρ0)
. (A.12)
We checked these Z ′ corrections for the Bd, Bs, D and K mesons. In all cases the cor-
rections are reasonably small for typical values of the quark coupling gRqq′ . 1. Especially,
we find that the ratio δρ/ρ0 < 1 for all coupling combinations {qq′, ``′}. We can calculate
by the same method the correction on the tolerance δ(∆ρ). We find that this is generally
much smaller than the tolerance itself δ(∆ρ)/∆ρ 1 and therefore negligible. Hence, we
obtain a mere shift of the cancellation solution ρ0 and its tolerance interval I0. Therefore,
the cancellation solution ρ0 is stable against higher order corrections and persists beyond
the tree level.
However it should be noted that in the µτ sector and for high masses in the eτ sector
the ratio of the shift to the tolerance δρ/∆ρ can be greater than 1. This is not a problem,
as the cancellation solution still persists. It merely means that the shifted cancellation
ρ can lie outside of its original tolerance interval I0. This is an artifact of the extremely
small tolerance intervals, which we observe in those channels.
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A.2 Monte Carlo simulation details
In this section we want to summarize important parameters we used for the determination
of the simulated cross section σMC for the process pp→ Z ′ → ``′.
In Table A.1 we have summarized the values of the mass-dependent K-factors encoding
NNLO contributions to the different final states.
MZ′ [GeV] 500 550 600 650 700 750 800 1000 1200 2000
Keµ 1.449 1.447 1.414 1.436 1.427 1.423 1.480 1.494 1.501 1.602
Keτ 1.355 1.313 1.379 1.428 1.351 1.391 1.424 1.455 1.483 1.510
Kµτ 1.444 1.421 1.428 1.429 1.483 1.511 1.506 1.510 1.525 1.661
Table A.1: NNLO K-factors from SSM Z ′
In Table A.2 we find the efficiencies allowing to translate the Monte Carlo result into
post-detector cross sections.
MZ′ [GeV] (A× )eµ (A× )eτ (A× )µτ
500 0.374 0.109 0.083
550 0.380 0.116 0.086
600 0.389 0.117 0.086
650 0.401 0.122 0.090
700 0.403 0.118 0.094
750 0.410 0.123 0.091
800 0.416 0.122 0.090
900 0.428 0.116 0.098
1000 0.440 0.115 0.095
1100 0.441 0.117 0.103
1200 0.441 0.118 0.098
1400 0.449 0.119 0.096
1600 0.445 0.119 0.099
1800 0.431 0.114 0.096
2000 0.415 0.109 0.089
2200 0.386 0.104 0.082
2500 0.358 0.093 0.071
3000 0.283 0.069 0.053
Table A.2: Acceptance times efficiency from SSM Z ′.
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B.1 Rotation to hidden photon mass eigenstate
In Section 2.3.3 we outlined the procedure of canonical normalization of the weak neutral
boson fields and the diagonalization of their mass matrix M for the case of a generic
U(1)X extension of the SM. If we consider the hidden photon case of small kinetic mixing
Y and light boson mass MX  MZ , we can simplify these relations in order to enhance
our physical intuition.
As in the general case, we first canonically normalize the boson fields via Eqs. (2.45)
and (2.46). Then the diagonalization of the mass matrixM of the canonically normalized
fields (Bµ,W
3
µ , Xµ)
1 proceeds through a combination of two block-diagonal rotations with
the weak mixing angle θw and an additional angle ξ,
R1(ξ)R2(θw)M2R2(θw)TR1(ξ)T = diag (M2A,M2Z ,M2A′) , (B.1)
where (Aµ, Zµ, A
′
µ) denote the photon, Z and hidden photon mass eigenstates. The rota-
tion matrices R1(ξ) and R2(θw) are those defined in Eq. (2.48). However, in the hidden
photon case, the second rotation angle is given to good approximation by the relation
tan 2ξ =
2Y sin θw
1− δ +O(
2
Y ) . (B.2)
Here we have defined δ = M2X/M
SM
Z
2
and MSMZ = gZ v/2 is the mass of the Z-boson in
the SM. In the hidden photon approximation, we then find the mass eigenvalues given by
1We denote gauge bosons in the non-orthogonal basis by hatted fields and define the neutral gauge
bosons in the electroweak symmetric phase by (Bµ,W
3
µ , Xµ) and in the electroweak broken phase by
(Aµ, Zµ, A
′
µ).
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M2A = 0 as it should be and
M2Z = M
SM
Z
2(
1 + 2Y sin
2 θw(1 + 2δ)
)
+O(δ22Y ) , (B.3)
M2A′ = M
2
X
(
1 + 2Y (1− sin2 θw(1 + δ))
)
+O(δ22Y ) . (B.4)
Couplings between the gauge boson mass eigenstates Aµ, Zµ and A
′
µ and the fermion
currents are then given by
(
e jEMµ , gZ j
Z
µ , gx j
x
µ
)AˆµZˆµ
Aˆ′µ
 = (e jEMµ , gZ jZµ , gx jxµ) K
AµZµ
A′µ
 , (B.5)
with
K =
[
R1(ξ)R2(θw)G
−1(Y )R2(θw)−1
]−1
=
1 0 −Y cos θw0 1 0
0 Y sin θw 1
+O(Y δ, 2Y )
=
1 0 −0 1 0
0  tan θw 1
+O(δ, 2) , (B.6)
where in the second line we have introduced  ≡ Y cos θw. Couplings of the massless
photon are protected by the unbroken electromagnetic gauge symmetry U(1)EM. The new
gauge boson X couples to leading order in  to the electromagnetic current [152, 495] so
that the full interaction Lagrangian of the hidden photon mass state A′ reads
Lint =
(
gx j
x
µ − e jEMµ
)
A′µ . (B.7)
For a secluded U(1)X with j
x
µ = 0, the gauge boson has couplings to the SM only through
kinetic mixing proportional to ejEMµ , which motivates the name hidden photon.
The leading terms in  of the A′W+W− coupling follow from replacing the photon
by A → A − A′ in the AW+W− vertex. Couplings of the new gauge boson A′ to the
Z-current only appear at O(δ) and can be obtained by replacing Z → Z − δ tan θwA′.
As a consequence, couplings of the physical Higgs boson h to the new gauge boson are
further suppressed,
L ⊃ M
SM
Z
2
2v
(
Aµ, Zµ, A
′
µ
)
0 0 0
0 1 − tan θw δ
0 − tan θw δ 2 tan2 θw δ2
 h
AµZµ
A′µ
 , (B.8)
where we have only kept the leading terms in the δ-expansion for each element.
These couplings determine the decay modes of the A′ boson for a given mass MA′ .
We assume MA′ MZ such that only fermionic decay modes are relevant with a natural
hierarchy between couplings to fermions from jxµ and mixing-induced couplings,
Γ(A′ → ff¯) = MA′
24pi
Cf
√
1− 4m
2
f
M2A′
[
(g2L + g
2
R)
(
1− m
2
f
M2A′
)
+ 6
m2f
M2A′
gLgR
]
, (B.9)
132
B.2. Beam dump limit calculation
where Cf = 3(1) for quarks (leptons) is a color factor and the couplings can be determined
by matching the currents in Eq. (B.5) to jµ = f¯γµ(gLPL+gRPR)f with projectors PR/L =
1
2(1 ± γ5). Another phenomenological consequence are the exotic Higgs decays h → ZA′
and h→ A′A′,
Γ(h→ A′Z) = 1
16pi
2 tan2 θw
M3h
v2
M2A′
M2Z
(
1− M
2
Z
M2h
)
, (B.10)
Γ(h→ A′A′) = 1
32pi
4 tan4 θw
M3h
v2
M4A′
M4Z
, (B.11)
where we have neglected higher order corrections in δ and M2A′/M
2
h . Due to the sup-
pression of the decay widths with factors of 2 and M2A′/M
2
h , Higgs decays do not provide
relevant constraints, if the only coupling between the Higgs and the hidden gauge boson
is mediated by the kinetic mixing term.
B.2 Beam dump limit calculation
In this Appendix we want to illustrate a prototypical limit calculation for beam dump
experiments. For concreteness, we will consider the electron beam dump experiment E137
operated at SLAC in the 1980s.
The E137 setup is schematically shown in the right panel of Fig. 4.4. A total of
Ne ∼ 1.87 × 1020 electrons with momentum p = 20 GeV have been dumped onto an
aluminum target followed by 200 m of rock, which served as shielding. In the target ma-
terial the incoming electrons interact with the nuclei and lose energy via Bremsstrahlung.
The hidden photon of a secluded U(1)X has the same coupling to the electron as the
photon, only suppressed by the mixing parameter . Hence, it can also be produced in
a Bremsstrahlung process. The total number of produced A′ decaying visibly within the
detector volume is described by Eq. (4.25). During the full data taking period no signal
events have been observed in the E137 detector [293]. According to Poisson statistics, we
can therefore exclude any point in model parameter space predicting more than N95 = 3
observed events at 95 % C.L..
B.2.1 Bjorken implementation
For the beam dump experiment E137, limits on hidden photons A′ have been first calcu-
lated by Bjorken et al. [275] for e+e− final states. The expected number of events has been
calculated via Eq. (4.25) with the approximate differential cross section given in Eq. (4.21)
(which includes an erroneous factor of 2 in [275] that has been corrected in [304]). For the
full details of this calculation we refer the reader to the Appendices A - C of [275].
We have implemented the full calculation of Bjorken et al. in MATHEMATICA [496],
which we will refer to as Bjorken implementation. In order to derive limits we have
discretized the 2D parameter space of the MA′ − 2 plane into a finely-grained grid and
calculated the expected number of hidden photon induced events N at each grid point.
The expected number of events normalized to the 95% C.L. limit N/N95 are depicted
in Fig. B.1. The edge of the outermost blue contour gives our limit.
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Figure B.1: Expected number of events normalized to the 95% C.L. limit N/N95 for a
secluded hidden photon A′ at the SLAC E137 experiment obtained from the Bjorken
implementation as a function of the mixing parameter 2 and the mass MA′ . The red
(Bjorken) and cyan (Andreas) lines show the exclusion contours calculated in [275] and
in [304], respectively. Left: Including the full A′ width, in particular also the partial width
into muons. Right: Only including the partial width of the A′ into electrons, assuming
N95 = 10 and including the extra factor of 2. Figure taken from [262].
The left panel shows the results of the Bjorken implementation including the full A′
width, which is described in detail in Section 4.2.3. This includes in particular the partial
width into muons that becomes equal in size to the one into electrons for MA′ & 2mµ.
In Fig. B.1 we compare the limit we obtained from the Bjorken implementation to those
derived by Bjorken et al. [275] and Andreas et al. [304] (for details see Appendix B.2.2),
which we will refer to as the Bjorken and Andreas limit, respectively. We see that our
limit aligns perfectly with the Andreas limit in the high-2 domain, where it also shows the
exact same threshold behavior at MA′ ∼ 2mµ. But we can reconstruct the Bjorken limit
nearly exactly (within the limits of numerical integration and discretization) if we only
take into account the partial width of the A′ into electrons, assume 10 events as exclusion
bound as done by Bjorken et al. and include the erroneous extra factor of 2.
However, for a secluded hidden photon a muon coupling with the same strength as of
the electron coupling is unavoidable. Hence, the limits for E137 derived by Bjorken et al.,
seemingly neglecting the partial width into muons, rather overestimate the hidden photon
mass reach. This is not an issue for the E141 and E774 limits as the mass reach is well
below the dimuon threshold.
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Figure B.2: Expected number of events normalized to the 95% C.L. limit N/N95 for a
secluded hidden photon A′ at the SLAC E137 experiment obtained from the Andreas
implementation as a function of the mixing parameter 2 and the mass MA′ . The
red (Bjorken) and cyan (Andreas) lines show the exclusion contours calculated in [275]
and in [304], respectively. Left: Using the hidden photon mass as minimum A′ energy
EminA′ = MA′ . Right: Including the experimental minimum cutoff energy E
min
A′ = Ecut.
B.2.2 Andreas implementation
Improving on the analysis of Bjorken et al., the hidden photon limits from E137 have
been rederived in a more rigorous treatment by Andreas et al. [304]. The approximate
differential cross section Eq. (4.21) has been corrected. But in particular, a full-fletched
Monte Carlo simulation of the A′ decays including detector geometry has been done and
for the limit determination the full energy dependence of the differential cross section has
been taken into account. A very thorough account of the many important details of this
calculation can be found in Chapter 3 and Appendix B of [360].
Again we have implemented the full calculation in MATHEMATICA, which we will refer
to as Andreas implementation. As before we have discretized the parameter space and
calculated the expected number of hidden photon induced events N at each point. The
expected number of events from the Andreas implementation normalized to the 95% C.L.
limit N/N95 are depicted in Fig. B.2.
The left panel shows the results of the Andreas implementation using EminA′ = MA′
in Eq. (4.25) for the minimum energy of the produced A′, as suggested in [304]. This
is a sensible choice as it corresponds to an A′ produced on shell in the lab frame, which
can then resonantly decay into electrons. Such an A′ can be looked for in a dielectron
resonance search in the experiment. This choice explains the mass-dependent behavior of
the low-2 domain both of the Andreas and our derived limit (The fact that our limit is
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excluding even smaller 2 is mainly due to our lack of a full Monte Carlo simulation of the
A′ decay geometry).
To see this explicitly, let us note that the lower boundary of the beam dump limit is
reached when the A′ has a typical decay length that is much larger than the experimental
setup `A′  Lsh, Lsh. In this case, we can expand the hidden photon decay probability as
Pdec = e
−Lsh
`A′
(
1− e−
Ldec
`A′
)
≈ Ldec
`A′
∝ Ldec M
2
A′ α 
2
EA′
. (B.12)
Combined with the estimate for the beam dump cross section in Eqs. (A15) and (A16) of
Ref. [275],
σ ∝ α
3 2 Z2
M2A′
, (B.13)
we see that the leading powers of M2A′ cancel in the calculation of the expected number of
hidden photon events
N ∝
∫ E0
Emin
A′
dEA′ σA′ Pdec(EA′) . (B.14)
If we use the hidden photon mass as the lower integration limit EminA′ = MA′ in
Eq. (B.14), as done in [304], the lower boundary of the beam dump limit has an ex-
plicit dependence on MA′ . This is shown in the left panel of Fig. B.2. From Eqs. (B.12)
to (B.14) we can see that in this regime the total number of events scales with 4 and
therefore has a quite steep fall-off, such that the lower boundary is mainly statistics lim-
ited. There still might be a residual logarithmic dependence of N on the mass MA′ coming
from the integration of dEA′/EA′ .
However, the experimental analysis searching for resonant dielectron events applied
a cut of Ecut = 3 GeV to their data [293]. Implementing this experimental cut as
EminA′ = Ecut the Andreas implementation yields the results in the right panel of Fig. B.2.
We see that we recover the horizontal scaling (i.e. no mass dependence) of the low-2
domain, which is present in the Bjorken limit (again we expect the overshooting of our
exclusion contour in this domain to be fixed by including Monte Carlo simulated geometric
acceptances). This is what we expect from Eq. (B.14). With a constant minimum energy
Ecut MA′ the exponent only scales with 4 and shows no mass dependence anymore.
In summary, it seems likely that Andreas et al. have not included experimental cuts
on the minimum energy of the observed events. This would mean that the limit deduced
for E137 by Andreas et al. is too optimistic in the low-2 domain. This issue also persists
for the derived limits for E141, E774 and Orsay as all the relevant analyses include energy
cuts (cf. Table B.1).
B.2.3 Towards more accurate limits
We have seen that both the limits derived by Andreas et al. and Bjorken et al. can possibly
be refined in certain aspects. We therefore adopted the improved approximate equations
derived in [304] with the inclusion of the experimental energy cut for the calculation of
electron beam dump limits in this work. Further improvements could be obtained from a
full calculation of these limits as outlined in [360] with the implementation of the energy
cuts and a full Monte Carlo simulated detector acceptance.
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Figure B.3: Comparison of beam bump limits for the U(1)B−L gauge boson calculated in
this work to the recasted limits of Ref. [284] for the two beam dump experiments NuCal
(left) and E137 (right). The calculated limits are given by the border of the outermost
dark blue contour. The recasted limits are depicted by the pink solid lines. (Left) The
red dashed line shows the respective NuCal limit for the secluded hidden photon. (Right)
The red and cyan dashed lines show the respective E137 limits for the secluded hidden
photons discussed previously. Figure taken from [262].
Experiment E137 E141 E774 Orsay
Ecut [GeV] 3 4.5 27.5 0.75
Table B.1: Cuts on the minimum event energy used in the analyses of E137 [293],
E141 [292], E774 [294] and Orsay [295].
B.2.4 A note on recasting beam dump limits
In previous work, Ilten et al. have presented a framework for recasting limits on hidden
photons in Ref. [284]. In particular, they have recasted existing limits on a secluded hidden
photon to the U(1)B−L gauge boson by use of their recasting framework. In Fig. B.3 we
compare these recasted limits to those derived in this work from the full calculation for
the case of U(1)B−L.
In the left panel we show the limits obtained from the NuCal proton beam bump
experiment. The recasted limits of [284] match those obtained from the full calculation
over a large range of masses. However, the full calculation improves the mass reach of
the U(1)B−L limit, which is due to the higher relative branching fraction into leptons for
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A′ masses of the order of the ω mass. The full calculation excludes A′ masses of up to
688 MeV compared to 624 MeV for the recasted limits. In the right panel, the limits
obtained from E137 are shown. In the high-αB−L domain the recasted limits match those
derived in this work quite well. However, it seems that the limits derived in [284] are
based on the analysis in [304] and therefore exhibit the same mass scaling in the low-
αB−L domain as the Andreas limits. This is the main reason for the different behavior
at small couplings. The same holds for the recasted electron beam dump limits of E141,
E774 and Orsay.
Overall, our comparison shows that the recasted limits [284] match a full implementa-
tion to a good level (if they have been derived with the same implementation of the beam
dump event calculation). Yet a full implementation provides quantitative improvements
and increased confidence in the results.
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B.3 Relevant processes and couplings for the different ex-
periments
Experiment Process B −L Lµ−Le Le−Lτ Lµ−Lτ
E137, E141,
E774,
Orsay, APEX,
A1/MAMI
prod e-Bremsstrahlung −gB−L −gµe geτ e µτ (q2)
det A′ → ee −gB−L −gµe geτ e µτ (q2)
CHARM
prod η/η′-decay gB−L e µe(q2) e eτ (q2) e µτ (q2)
det A′ → ee −gB−L −gµe geτ e µτ (q2)
LSND,
NA48/2
prod pi0-decay gB−L e µe(q2) e eτ (q2) e µτ (q2)
det A′ → ee −gB−L −gµe geτ e µτ (q2)
U70/NuCal
prod pi0-decay gB−L e µe(q2) e eτ (q2) e µτ (q2)
prod p-Bremsstrahlung gB−L e µe(q2) e eτ (q2) e µτ (q2)
det A′ → ee −gB−L −gµe geτ e µτ (q2)
det A′ → µµ −gB−L gµe e eτ (q2) gµτ
DarkLight
prod e-Bremsstrahlung −gB−L −gµe geτ e µτ (q2)
det A′ → ee −gB−L −gµe geτ e µτ (q2)
det A′ → inv −gB−L gµe geτ gµτ
NA64
prod e-Bremsstrahlung −gB−L −gµe geτ e µτ (q2)
prod µ-Bremsstrahlung −gB−L gµe e eτ (q2) gµτ
det A′ → inv −gB−L gµe geτ gµτ
Mu3e
prod µ-Bremsstrahlung −gB−L gµe e eτ (q2) gµτ
det A′ → ee −gB−L −gµe geτ e µτ (q2)
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Experiment Process B −L Lµ−Le Le−Lτ Lµ−Lτ
FASER,
SeaQuest,
SHiP
prod pi0/η/η′-decay gB−L e µe(q2) e eτ (q2) e µτ (q2)
prod p-Bremsstrahlung gB−L e µe(q2) e eτ (q2) e µτ (q2)
det A′ → ee −gB−L −gµe geτ e µτ (q2)
det A′ → µµ −gB−L gµe e eτ (q2) gµτ
VEPP-3
prod e+e− → γA′ −gB−L −gµe geτ e µτ (q2)
det A′ → inv −gB−L gµe geτ gµτ
KLOE
prod e+e− → γA′ −gB−L −gµe geτ e µτ (q2)
det A′ → µµ −gB−L gµe e eτ (q2) gµτ
det A′ → pi+pi− 13gB−L e µe(q2) e eτ (q2) e µτ (q2)
BaBar,
Belle-II
prod e+e− → γA′ −gB−L −gµe geτ e µτ (q2)
det A′ → µµ −gB−L gµe e eτ (q2) gµτ
det A′ → ee −gB−L −gµe geτ e µτ (q2)
LHCb
prod pi0/η/η′-decay gB−L e µe(q2) e eτ (q2) e µτ (q2)
prod D∗-decay 0 e µe(q2) e eτ (q2) e µτ (q2)
prod p-Bremsstrahlung gB−L e µe(q2) e eτ (q2) e µτ (q2)
det A′ → µµ −gB−L gµe e eτ (q2) gµτ
det A′ → ee −gB−L −gµe geτ e µτ (q2)
ATLAS,
CMS
prod Drell-Yan 13 gB−L e µe(q
2) e eτ (q
2) e µτ (q
2)
det A′ → µµ −gB−L gµe e eτ (q2) gµτ
det A′ → ee −gB−L −gµe geτ e µτ (q2)
Table B.2: Coupling strengths for the different gauge groups relevant for the produc-
tion (prod) and detection (det) of hidden photons in experiments discussed in this work
compared to the universal e QEM coupling of the secluded hidden photon.
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Experiment Process B −L Lµ−Le Le−Lτ Lµ−Lτ
Borexino ν e− → ν e− g2B−L g2µe g2eτ e gµτ µτ (q2)
Charm-II
νµ e
− → νµ e− g2B−L −g2µe 0 e gµτ µτ (q2)
ν¯µ e
− → ν¯µ e− −g2B−L g2µe 0 −e gµτ µτ (q2)
Texono ν¯e e
− → ν¯e e− −g2B−L −g2µe −e geτ eτ (q2) 0
DUNE, Super-K νµ/τe
− 0 g2µe g2eτ 0
Charm-II, CCFR,
NuTeV
νZ → νµµZ g2B−L g2µe 0 g2µτ
Table B.3: Coupling strengths for the different gauge groups relevant at neutrino exper-
iments. Note that the hidden photon of a secluded U(1)X does not have any neutrino
couplings and therefore is not constrained by these experiments.
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